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The objective of this work was to investigate radiation-induced mutagenesis in human cells, 
thus representing the response of cells in the organism as a whole. The current molecular 
characterisation was initialised with a well-established human malignant cell line: MGH-U1. 
The complete radiation-induced mutation study was conducted with hTERT-immortalised 
primary fibroblasts with karyotypically stable diploid characteristics. Mutation selection 
successfully made use of the ability of HPRT deficient cells to remain resistant to a drug 
containing in culture medium. Molecular characterisation was based on a previously 
introduced hybridisation assay. In addition, to further characterise the aberrations, mutant 
clones were examined in parallel by multiplex PCR, RT-PCR and chromosome painting based 
on a 3-dye FISH. Hybridisation assay was introduced primarily to evaluate DSB repair 
fidelities following IR. In this study, the incorrectly rejoined DSBs of clonal cell populations 
are represented by aberrant restriction bands on the Southern blots whereas in DSB repair 
evaluations this is observed as a smear around the targeted bands. Restriction fragment 
alterations of 2 Mbp NotI fragments of mutant DNA in both X-ray-induced and untreated 
HPRT clones were compared.  
In the absence of a NHEJ repair pathway, thought to be the predominant molecular 
repair mechanism for higher eukaryotes, 2-Gy X-ray-induced mutant clones derived from 
NHEJ deficient MGH-U1 cells revealed that the mutagenicity at the HPRT gene locus was 
significantly decreased in comparison to cells proficient in the repair pathway at equitoxic 
doses of 6-Gy of X-rays. This suggests that an alternative repair pathway may act and result in 
the reduction of mutation frequency in wortmannin pre-treated cells. Such alternative 
mechanisms can be suppressed in NHEJ proficient cells.  
78 radiation-induced and 47 spontaneous HPRT mutant clones of hTERT-
immortalised fibroblasts were isolated and genetic alterations at the HPRT locus were studied 
by hybridisation assay. The results are consistent with those obtained by 22 radiation-induced 
and 26 spontaneous MGH-U1 mutant clones. The majority of spontaneously arising mutant 
clones are a result of point mutations or small deletions in the coding segments of the gene. 
These small-scale mutations include base pair substitution, for example: a transversion from 
A to C (A: T → C: G) as found in exon 9; a transition from C to T (C: G → T: A) in exon 6; a 
mutation causing a splicing error due to a transversion from T to G (T:A → G:C) found in 
intronic sequences, and 13 base pairs upstream from exon 8. Small-scale mutations were 
nearly 8% (2/26) and 94% (44/47) for spontaneously arising mutant clones in MGH-U1 cells 
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and hTERT-immortalised cells respectively. These small-scale mutations decreased as the 
dose of X-rays used for mutation induction was increased, thus indicating a dose dependence. 
The respective percentages of small-scale mutations for 2 and 6-Gy were 29% (7/24) and 14% 
(6/44), respectively. Deletions spanning the entire HPRT gene and the adjacent regions within 
at least 200 kbp at the telomeric end of the gene (16 and 38% for 2 and 6-Gy mutant clones 
respectively) increased as the acute dose of X-rays increased.  
Consistent with previous reports, the partial deletions at the HPRT gene of X-ray-
induced mutant clones declined as the dose increased. Such deletions were 25% (6/24) and 
10% (3/31) for 2 and 6-Gy mutant clones, respectively. The hybridisation assay revealed that 
a substantial proportion of WT pattern mutant clones were the result of a genomic 
rearrangement. 71% for X-ray-induced WT mutants and 38% of the total number of radiation-
induced mutant clones. Had only multiplex PCR been employed for molecular 
characterisation, a large fraction of mutant clones might have mixed with WT mutant clones 
resulting in point mutations or small deletions in the coding regions. The results of RT-PCR 
revealed that mutant clones failed to give relevant amplification products due to the scattering 
of HPRT exons by genomic rearrangements which occur in either intronic or regulatory 
regions of the gene. Therefore, only mutant clones with unaltered NotI restriction fragment 
retained RT-PCR products whereas mutant clones making up a larger proportion failed to do 
so. Surprisingly, a predominant proportion of these rearrangements are intra-genomic 
chromosomal exchanges (83% and 94% of hTERT clones and MGH-U1 clones, respectively) 
rather than inter-chromosomal, as keeping with the cytogenetic investigations performed in a 
representative number of mutant clones. Mutation induction experiments based on dose 
fractionation showed significantly lower HPRT mutation frequencies (at least a 7-fold 
reduction in mutation frequency for dose point 6-Gy) in comparison to their corresponding 
acute irradiations. Cell survival noticeably increased at fractionated irradiations.  
In conclusion, hybridisation assay in combination with RT-PCR method yielded a 
significant higher number of mutation patterns than multiplex PCR exon screening alone, 
because regions of 2 Mbp or more were examined. RT-PCR revealed that exclusively mutant 
clones with unaltered NotI restriction fragments retained a corresponding HPRT RT-PCR 
product. The remaining mutant clones were the result of genomic rearrangements occurring in 





(Molekulare Charakterisierung der strahleninduzierten humanen HPRT Mutanten 
Klonen) 
 
Das Ziel dieser Arbeit war die Untersuchung der strahleninduzierten Mutagenese in 
menschlichen Zelllinien, stellvertretend für die Reaktion der Zellen im Organismus als 
Ganzem. Die vorliegende molekulare Charakterisierung wurde mit einer gut etablierten, 
malignen, menschlichen Zelllinie, MGH-U1, initialisiert. Die weiterführende 
strahleninduzierte Mutationsstudie wurde mit hTERT-immortalisierten primären Fibroblasten 
mit karyotypisch stabilen diploiden Eigenschaften durchgeführt. Die Selektion der Mutanten 
wurde erfolgreich durchgeführt unter Ausnutzung der Fähigkeit HPRT-defizienter Zellen, in 
einem in vitro-Kulturmedium mit einer bestimmten Substanz zu überleben. Die molekulare 
Charakterisierung basierte auf einem zuvor eingeführten Hybridisierungsverfahren. Um die 
nach der ionisierenden Bestrahlung erhaltenen Mutationen zu vergleichen, wurden die 
Mutanten-Klone parallel mittels Multiplex-PCR, RT-PCR und Chromosomenanfärbung durch 
eine 3-Farbe-FISH-Analyse untersucht. Das Hybridisierungsverfahren war ursprünglich 
etabliert worden, um die Genauigkeit der DSB-Reparatur im Anschluss an eine Bestrahlung 
zu evaluieren. In der vorliegenden Studie wurden die fehlreparierten DSB von klonalen 
Zellpopulationen durch aberrante Restriktionsbanden auf den ‚Southern Blots’ dargestellt, 
während in den‚ früheren DSB-Reparatur-Studien diese als eine Verschmierung um die 
Zielbanden beobachtet wurden. Restriktionsfragment-Veränderungen eines 2 Mbp NotI-
Fragments von Mutanten-DNA sowohl in röntgenstrahleninduzierten als auch in spontanen 
HPRT-Mutanten wurden verglichen. 
Bei Fehlen des NHEJ-Reparatur-Mechanismus, der für den vorherrschenden 
molekularen Reparatur-Mechanismus höherer Eukaryoten gehalten wird, zeigten 2-Gy-
röntgenstrahleninduzierte Mutantenklone, die von NHEJ-defizienten MGH-U1-Zellen 
erhalten wurden, dass die Mutagenität am HPRT-Genlocus signifikant verringert war im 
Vergleich mit Zellen mit einem funktionierenden NHEJ-Reparatur-Mechanismus bei 
equitoxischen Dosen von 6-Gy Röntgenstrahlen. Dies lässt vermuten, dass ein alternativer 
Reparatur-Mechanismus die Reduktion der Mutationsfrequenz in mit Wortmannin 
vorbehandelten Zellen überzeugend erklären kann, da solche Mechanismen bei Funktionieren 
des NHEJ unterdrückt werden können.  
78 strahleninduzierte und 47 spontane HPRT-Mutanten-Klone wurden aus hTERT 
immortalisierten Fibroblasten isoliert und genetische Veränderungen am HPRT-Genlocus mit 
einem Hybridisierungsverfahren untersucht. Die erhaltenen Ergebnisse sind in Überstimmung 
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mit denjenigen, die mit 22 strahleninduzierten und 26 spontanen MGH-U1 Mutanten-Klonen 
erhalten wurden. Eine Ausnahme ist die Vielzahl spontan entstandener Mutanten-Klone, die 
das Resultat von Punktmutationen oder kleinen Deletionen in den codierenden Gensegmenten 
sind. Diese kleinen Mutationen beinhalten Basenpaar-Substitutionen, z.B.: eine Transversion 
von A zu C (A: T → C: G) wie in Exon 9 festgestellt; eine Transition von C zu T (C: G → T: 
A) wie in Exon 6 festgestellt; eine Mutation, die einen ‚Splicing’- Fehler verursacht infolge 
einer Transversion von T zu G (T: A → G: C) wie in intronischen Sequenzen und 13 
Basenpaare oberhalb von Exon 8 festgestellt. Kleine Mutationen beliefen sich auf fast 8% 
(2/26) und 94% (44/47) der spontan entstandenen Mutanten-Klone in MGH-U1-Zellen und 
hTERT-immortalisierten Zellen. Diese Tendenzen nahmen allerdings mit der Steigerung der 
zur Mutationsinduktion verwendeten Röntgenstrahlendosis ab, und wiesen damit auf eine 
Dosis-Abhängigkeit hin. Dagegen nahmen die Deletionen, die das komplette HPRT-Gen und 
die angrenzenden Regionen innerhalb von mindestens 200 kbp am telomerischen Ende des 
Gens umfassten, mit Steigerung der akuten Röntgenstrahlendosis zu (16% und 38% für die 
mit 2-Gy bzw. 6-Gy bestrahlten Mutanten-Klone). Die jeweiligen Prozentsätze für die kleinen 
Mutationen bei 2-Gy und 6-Gy waren 29% (7/24) bzw. 14% (6/44). 
In Übereinstimmung mit früheren Studien nahmen die Partialdeletionen am HPRT-
Gen der mit Röntgenstrahlen induzierten Mutanten-Klone mit Steigerung der Strahlendosis 
ab. Diese Deletionen beliefen sich auf 25% (6/24) und 10% (3/31) für die 2-Gy- und 6-Gy-
Mutanten-Klone. Das Hybridisierungsverfahren ergab, dass ein beträchtlicher Anteil der 
Mutanten-Klone mit WT-Muster das Resultat von genomischen Rearrangements war. 
Insgesamt ergab sich ein Anteil von 71% für die röntgenstrahleninduzierten WT-Mutanten 
und von 38% für die Gesamtzahl der strahleninduzierten Mutanten-Klone. Wäre nur 
Multiplex-PCR für die molekulare Charakterisierung verwendet worden, so wäre 
möglicherweise ein großer Teil der WT-Mutanten-Klone, die aus Punktmutationen oder 
kleinen Deletionen in den codierenden Regionen resultierten, falsch klassifiziert worden. Die 
Ergebnisse der RT-PCR offenbarten, dass Mutanten-Klone keine relevanten Amplifizierungs-
produkte liefern konnten, da die HPRT-Exons infolge genomischer Rearrangements, die 
entweder in intronischen oder in regulatorischen Genregionen auftraten, anders angeordnet 
waren. Daher ergaben nur Mutanten-Klone mit unverändertem NotI-Restriktionsfragment RT-
PCR-Produkte, während ein größerer Teil der Mutanten-Klone keine ergab. 
Überraschenderweise sind der überwiegende Anteil dieser Rearrangements 
intrachromosomale Austausche (83% bzw. 94% bei den hTERT-Klonen bzw. MGH-U1-
Klonen) und nicht interchromosomale, wie bei den zytogenetischen Untersuchungen einer 
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repräsentativen Anzahl von Mutanten-Klonen festgestellt wurde. Mutationsinduktions-
experimente mit Fraktionierung der Bestrahlungdosis zeigten signifikant geringere HPRT-
Mutationsfrequenzen (mindestens eine 7-fache Reduktion der Mutationsfrequenz für die 
Dosis 6-Gy) im Vergleich mit den entsprechenden akuten Bestrahlungen. Die Überlebens-
fähigkeit der Zellen nahm bei fraktionierten Bestrahlungen deutlich zu. 
Zusammenfassend lässt sich sagen, dass das Hybridisierungsverfahren im 
Kombination mit RT-PCR eine signifikant größere Zahl von Mutationsmustern ergab als 
Exon-Screening alleine, da eine Region von 2 Mbp oder mehr betrachtet wurde. RT-PCR 
zeigte dass nur Mutanten-Klone mit unverändertem NotI-Restriktionsfragment ein 
entsprechendes HPRT-RT-PCR-Produkt ergaben. Die restlichen Mutanten-Klone waren das 
Resultat von genomischen Rearrangements, die in der intronischen oder in der regulatorischen 






2.1 Ionizing Radiation  
 
There is one particular idiosyncrasy of ionizing radiation (IR) inherent within radiation itself 
which makes its subsistence as a carcinogen outstanding, and shows how it greatly differs in 
its physical make-up when compared with other exogenous agents such as chemical toxicants, 
or other physical carcinogens, which are, on the whole, tissue specific in their action (Hall 
2000; Schecker & Reynolds 1995). Not being hampered by the usual cellular walls that 
chemical agents produce, radiation has the power to deposit energy randomly within the 
biological material it so aptly penetrates (Nias 1998). Even though all the cells of the human 
body are, in such an event, likely to suffer damage through IR, the damage consistency is 
relative to the physical parameters that determine the dose of radiation which those particular 
cells, or tissue, actually receive. In recent years, cellular systems have been developed in 
order to be able to study better the malignant transformation of an individual cell in vitro 
(Liber et al. 1989). Conclusions resulting from these studies have confirmed several of the 
corroborative factors derived from the in vivo experiments (Pfeiffer et al. 2004). Despite the 
fact that the overall characteristics of radiation-induced cancer in vivo and the basic aspects of 
cellular transformation in vitro had already been quite clearly identified by the 1980s, only a 
limited quota of research has been undertaken in this specific field since then. In fact, IR has 
become a widely used tool for studying cellular and molecular responses to DNA damage, as 
these serve to enhance better understanding of the mutations and carcinogenic transformation 
of the cells. IR includes, sparsely ionizing events resulting from X-rays and γ-rays 
(electromagnetic) and densely ionizing events induced by α-particles, neutrons and atomic 
nuclei such as helium, carbon or argon (particulate), which can be accelerated in nuclear 
physics machines (Hall 2000).  
 
 
2.1.1 X-rays and γ-rays 
 
X- and γ-rays belong to electromagnetic radiations. X-rays are the rays most familiar to 
human beings and are being used widely in medical diagnosis and also for the treatment of 
cancer. They are also used industrially for testing the quality of welds and other materials. A 
conventional X-ray machine contains a sealed tube in which electrons are accelerated towards 
a metal target; when the electrons hit the metal with sufficient energy then X-rays are 
produced. The wavelength of the X-rays depends not only on the energy of the electrons but 
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also on the atomic number of the metal target. The X-ray photons thereby produced have a 
wavelength that is characteristic of the interaction of those two factors. For example, an X-ray 
tube operating at 100 keV energy and using a tungsten target will produce radiation with a 
wavelength of 10
-2
 nm. Though there will be a range of energies produced by such an X-ray 
tube only the peak energy is the one that is usually quoted; here, in this case, it is 100 keV. 
These would be grouped as soft X-rays that would not pass through very far into biological 
material. For diagnostic purposes, the photon energies of 12.4 keV-124 keV with 
corresponding wavelengths of 0.1-0.01 nm are customarily used (Hall et al. 1988).  
When possessing higher energies, γ-rays are emitted by radio-active isotopes such as 
60
Co. Resulting from discrete nuclear disintegrations, γ-rays to be motivated by one single 
energy. When comparing X-rays with γ-rays, both, in most instances, reveal similar 
characteristics when interacting with matter (Hall 2000). Results based on gamma induced 
mutant clones support that the majority of radiation-induced mutations at the HPRT gene 
locus are large deletions (Morris et al. 1993; Park et al. 1995). 
The mode of interaction when dealing with X-ray energies of less than 0.5 MeV is 
photoelectric effect. This is when a photon is completely absorbed by the target atom and 
emits an electron which produces radiation. At higher energies between 0.5 MeV and 5 MeV 
Compton scattering is shown to be predominant. On the recoil during this process, the 
incidentally formed photon collides with an orbital electron; a so-called recoil electron is 
produced, and so the dispersed photon departs with reduced energy. Much dependant upon its 
energy level, this scattered photon may then be interpolated among additional target atoms by 
further Compton scattering or by recurrent photoelectric interaction. In both processes, an 
electron is ejected from the target atom, leaving it in an unstable condition. Raising an 
electron in an atom, or molecule, to a higher energy level without ejection of the electron is 
called: excitation (Hall 2000). 
 
 
2.2 Radiation-Induced DNA Lesions and Double Strand-Breaks (DSBs) 
 
IR induces a set of lesions in DNA (Steel 1996), including base damage, single-strand breaks 
(SSBs) and DSBs, hydrogen bond breakage between chains, damage to the phosphodiester 
backbone and cross linking within helical orders to another DNA molecule or to protein. 
DNA DSBs are generally thought to be the most critical lesions in radiation-induced killing of 
cells (Badie et al. 1995; Collis et al. 2005), and cells deficient in DSB repair are killed at a 
higher rate (Hashimoto et al. 2003). In general, while exogenous DSBs are induced by IR, or 
radiomimetic-drugs, such as bleomycin, or etopside, endogenous DSBs arise as byproducts in 
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DNA metabolism, oxidative damage and V(D)J recombination, and meiotic cellular events. It 
is estimated that the DSBs which arose spontaneously may be as high as 50 breaks per cell 
cycle (Vilenchik & Knudson 2003). For example, DSBs can be detected when replication 
forks arrest (Ohashi et al. 2005), and collapse, a process that is thought to occur frequently 
during the DNA synthesis (S-phase) of cell cycle. Data from Goodhead (1994) revealed the 
damage produced in a mammalian cell nucleus by 1 Gy of low linear energy transfer (LET) 
radiation: 100 000 x ionizations in cell nucleus; 2000 ionizations directly in DNA; 1000 x 
DNA SSBs and 40 x DSBs. Such a dose will produce a large number of ionizations in the 
nucleus but far fewer DNA lesions, such as sugar or base damage, DNA-DNA and DNA-
protein cross links, DNA single-or DSBs and chromosome aberrations. In brief, only 40 DSBs 
are produced per Gy per cell; by approximation, only 1 DSB per chromosome (Nias 1998).  
It has been shown that single DSBs that are not repaired can be lethal (Bennett et al. 
1996), as well as misrepaired (Pastwa & Blasiak 2003). Further, misrepaired DSBs can lead to 
chromosome aberrations (Bailey et al. 2004; Lobrich et al. 2000; Natarajan et al. 1994), other 
mutations, or cell death (Collis et al. 2005; Khanna & Jackson 2001). In particular, misjoining 
of the exchanged ends of two such breaks on different chromosomes may account for many, if 
not most, of the reciprocal translocations and dicentric chromosomes induced by the above 
mentioned agents (Galloway 1994; Preston 1990). It is shown that, following treatment with 
radiation, or radiomimetic-drugs, a subpopulation of the progeny cells acquire a persistent 
global chromosomal instability and continue to accumulate additional chromosome alterations 
many generations after the treatment (Kadhim et al. 1995). Although the mechanism for this 
delayed effect is not well-known, it is generally accepted that the effect cannot be due to the 
residual radiation-induced damage, because such damage, even if not repaired, would be less 
in numbers by dilution as the cells divide further. Thus, the putative indirect genomic effects 
raise the question of whether even the early chromosome changes that occur in the first few 
generations after treatment might be due to an induced global chromosome instability, rather 
than to the misrepair of DSBs (Foray et al. 1999). However, it is observed that if DSB-repair 
functions are inhibited in cells then a higher rate of cell killing is the consequence. This was 
demonstrated clearly in studies of radiosensitive DSB repair-deficient mutants such as murine 
cells from severe combined immune deficiency (SCID) (Biedermann et al. 1991; Hendrickson 
et al. 1991). Many cancer therapies exploit the lethality of DNA DSBs (McMillan et al. 2001) 
by chemically or physically inflicting this type of damage on cancer cells (Jackson 2002; 




In terms of radiation-induced cell killings, there are two distinct mechanisms. The first 
is apoptosis, also called programmed cell death (Wang et al. 1996). Cells undergoing 
apoptosis as an immediate consequence of radiation damage usually die in interphase within a 
few hours of irradiation (Peng et al. 2002; Takata et al. 1998). Apoptotic cell death occurs in a 
few cell types, including small lymphocytes, type A spermatogonia and oocytes, following 
relatively low doses of radiation (Nitta & Hoshi 2003; Vilenchik & Knudson 2000). 
Moreover, apoptosis could also be a significant cause of death in a large number of cell types 
exposed to higher radiation doses (Mendrysa et al. 2003), including those of hematopoietic or 
lymphoid origin (Griffiths et al. 1997; Mendrysa et al. 2003), as well as some malignant cells 
(Preisler et al. 1996; Young et al. 2003). The second mechanism for cell killing after cells´ 
exposure to radiation is radiation-induced reproductive failure. It has been shown that 
radiation in sufficient doses can inhibit mitosis (Jayanth et al. 1994) and the inhibition of cell 
proliferation is believed to be the mechanism by which radiation kills most cells. The nature 
and kinetics of the cytotoxic effects of radiation in mammalian cells were described by 
several authors previously (Amundson et al. 1996; Crompton et al. 2002; Liber et al. 1983).  
In in vitro analyses, there are several methods that are currently being employed to 
detect double strand DNA breaks. One of the earlier invented methods is comet assay, which 
is a sensitive rapid method for detecting DSBs in individual cells. In the examination of 
DSBs, cells are embedded in agarose. Following exposure to an electric field, broken DNA 
can be monitored as a tail or a comet (Rapp & Greulich 2004). FAR (fraction activity 
released) (Rydberg et al. 1994) and hybridisation assay with single-copy probes have been 
frequently used as a measure for DSB rejoining in a certain genomic region (Lobrich et al. 
1996; Lobrich et al. 2000; Rothkamm & Lobrich 1999). Apart from the above two methods, 
enumeration of γ-H2AX foci (due to phosphorylation of a histone) can also be used to 
measure the induction and DSB repair incubation of both human and murine cells (Rogakou 
et al. 1998). The latter method was even used to analyse DSBs following doses as low as 1 
mGy to 2 Gy (Rothkamm & Lobrich 2003). Furthermore, very recent studies in vivo revealed 
that γ-H2AX foci (Lobrich et al. 2005), can also serve as a biologically relevant bio indicator 








2.2.1 DNA DSBs and Repair Mechanisms 
 
Eukaryotes have at least two major pathways for the repair of DSBs: Homologous 
Recombination (HR) and Non-homologous end-joining (NHEJ) (Jackson 2002; Karanjawala 
et al. 2002). These two major repair mechanisms differ in their requirement for a homologous 
template DNA and in the fidelity of DSB repair. While HR ensures accurate DSB repair, 
NHEJ does not (Pfeiffer et al. 2004). The relative contribution of these two main pathways is 
likely to differ depending on cell cycle phase. In mammalian cells, NHEJ is the main repair 
pathway, operating in all phases of the cell cycle. In contrast, HR is most efficient in the S and 
G2- cell cycle phases because of the access of sister chromatids as repair templates (Anderson 
& Eliason 1986).  
 
 
2.2.1.1 Homologous Recombination  
 
Particular repair pathway in lower eukaryotes such as S.cerevisiae, is functioned by the 
products of the RAD52 group: RAD50, RAD51, RAD52, RAD54, RAD55, RAD57, RAD59, 
MRE11 and XRS2 (Carney et al. 1998; Thacker 2005). Although functional mammalian 
counterparts exist, there are some important differences between the two systems. RAD51p of 
S.cerevisiae, which takes part in DNA strand-exchange, is non-essential, whereas 
homozygous loss of RAD51 in mice results in early embryonic cell lethality (Donoho et al. 
2003). Furthermore, mammalian homologues exist for all of the known HR factors in 
S.cerevisiae, but detailed enzymatic machinery is seen to be considerably more complex in 
higher eukaryotes. The existence of several RAD51 paralogues (they diverged due to a gene 
duplication within a species), such as RAD51B, C and D, and the other counter proteins with 
relatively impaired homology to the catalytic domain of RAD51, such as XRCC2 and XRCC3 
(Pluth et al. 2001; Wood et al. 2001) supports the latter hypothesis. And loss of RAD51 in a 
chicken B-lymphocyte cell line (DT-40) leads to chromosomal breaks (Yamamoto et al. 
2005), indicating that chromosomal stability in cells that have not been deliberately treated 
with genotoxic agents requires a RAD51-dependent recombinational-repair pathway.  
This homologous recombination pathway in yeast, has, in the meantime, been more 
thoroughly studied (Brendel et al. 2003; Harvey et al. 2005). To begin the homologous 
recombination in yeast, one could consider the nucleolytic resection of DNA DSBs in the 5´ 
to 3´ direction to be the first step (Figure 2.1a). The efficiency of this reaction in vivo is 




(the human counterpart is NBS1). RAD51p then binds the resulting 3´single-strand DNA-tails 
in a process that is influenced by a range of other proteins, including replication protein A 
(RPA) (Zou & Elledge 2003; Zou et al. 2003), RAD52p and RAD54p. Of prime importance 
is, that human RAD52 is shown to bind to DNA DSBs preferentially (Scully & Xie 2005), 
leading to the proposal that Ku, in competition with this complex, to attain DNA ends may 
determine which of the two DSB repair-pathways should be employed (Van Dyck et al. 
1999). In such a case, the RAD51p nucleoprotein filament would then interact with an 
undamaged DNA molecule, and, when locating a homologous region, would create a 
RAD51p strand-exchange. This strand is then extended by DNA polymerase that copies 
information from the undamaged partner. After migration of crossovers (Holiday junctions) 
they are resolved by cleavage and ligation. An exception to this could be a region of direct 
repeats. In such a case, a sub pathway of HR, single strand-annealing (SSA) repairs the 
breaks. SSA results in the loss of one of the two direct repeats and also the intervening DNA 
(Essers et al. 2002; Takata et al. 1998).  
Recent reports on HR and the breast cancer susceptibility proteins, BRCA1 and 
BRCA2, for which no homologues in yeast have been found, have shown close links between 
a) Homologous Recombination  b) Non-homologous End-joining 
 
Figure 2.1. Schematic diagram of the major repair pathways in mammalians: a) an outline of the homologous 
recombination-pathway indicating the participation of the variously designated proteins b) Non-homologous 




HR and BRCA (Foray et al. 2003; Gatei et al. 2000). As reviewed by several authors (Khanna 
& Jackson 2001; Merel et al. 2002), particularly the loss of function of one of the breast 
cancer proteins in mammalian cells causes a marked reduction in the efficiency of accurate 
homology-dependent DNA repair (Snouwaert et al. 1999). Although HR is well-known as an 
error free DNA repair mechanism at least theoretically, a mutation of BRCA2 is believed to 
stimulate error-prone homology directed repair of DNA DSBs (Griffin & Thacker 2004; Tutt 
et al. 2001). In any case, detailed information about the way these effects interact is yet to be 
elucidated, despite the fact, that they may reflect the affinity to BRCA1 and BRCA2 to 
RAD51 (Amundson & Chen 1996; Chen et al. 1999).  
 
 
2.2.1.2 Non-homologous End-Joining (NHEJ) 
 
Non-homologous end-joining (NHEJ) - the main pathway (Jeggo & Lobrich 2005; 
Richardson & Jasin 2000) for repairing double-strand-DNA breaks - functions throughout the 
mammalian cell cycle (Karanjawala et al. 2003; Lieber et al. 2003) (Figure 2.1b). NHEJ 
involves the following proteins: DNA ligase IV, XRCC4, DNA-dependent protein kinase 
(DNA-PK), RAD50, MRE11, NBS1 and a novel factor, known as Artemis (Collis et al. 2005; 
Jeggo & Lobrich 2005). These components also play a major role in ‘variable diversity 
joining recombination’ (V(D)J recombination) in generating a wide variety of antigen-
specific molecules, the immunoglobulins and T- cell receptors (Dai et al. 2003). The genomes 
of multicellular eukaryotes, unlike yeast, contain a substantial fraction of repetitive DNA. 
Therefore, when a break occurs in the genome, homology is rendered useless. This is because 
breaks in the genome are 40% repetitive and homology tries to repair DSBs with homologous 
recombination (Platzer et al. 1997). A homologous crossover event arising during DSB repair 
could thus result in a chromosomal translocation. Therefore, homologous recombination 
could be far too slow and dangerous in organisms involving genomes that have a substantial 
fraction of repetitive DNA. This might be the primary reason for the distribution of those 
major repair pathways in lower and higher eukaryotes (El-Khamisy et al. 2005).  
The principal enzyme in the NHEJ-pathway (Collis et al. 2005; Rothkamm et al. 2001) 
is the DNA-dependent protein kinase (DNA-PK) which consists of the DNA end-binding 
heterodimer Ku70 and Ku80, and the DNA-dependent protein kinase catalytic subunit (DNA-
PKcs) (Jeggo 1998; Meek et al. 2004; Rothkamm et al. 2001). The function of the enzyme is 
thought to serve in the regulation of the NHEJ-mechanism, in which the further enzymes are 
activated (Hendrickson et al. 1991; Jeggo & Lobrich 2005; Koch et al. 2004). This particular 
holoenzyme is an abundant serine-threonine protein kinase (Hammarsten & Chu 1998), which 
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lodges within the nucleus of human cells where its general function is to produce 
phosphorylated serine and threonine residues in specific proteins bound to DNA. It also plays 
a key role in the repair of those double-strand breaks which are created by IR or by V(D)J 
recombination (Dai et al. 2003; Yoshioka et al. 2001). 
In vertebrates, Ku’s function is to serve as the DNA targeting subunit of the DNA-
dependent protein kinase (Meek et al. 2004; Rooney et al. 2005). In NHEJ, Ku forms an open 
ring-type structure that can be threaded onto a DNA-end. One side of the ring forms a cradle 
that has a protection device for one surface of the DNA double helix, whereas the other side is 
much more open, maybe to allow the remaining NHEJ factors to access the DSB (Jackson 
2002). In normal cells, Ku is thought to be about fivefold more abundant than DNA-PKcs 
(Anderson & Carter 1996) and its binding to DNA is thought to be tighter (Meek et al. 2004; 
Pastwa & Blasiak 2003). Studies indicate that the association of Ku and DNA-PKcs cannot be 
observed in the absence of a DNA terminus (Lieber et al. 1997; Yaneva et al. 1997).  
DNA-PKcs is encoded by an open reading frame of 4096 amino acids, with a 
predicted molecular weight of 465.482 kDa (Hartley et al. 1995). The C-terminal region of 
DNA-PKcs has homology to catalytic domains of proteins of the phosphatidylinositol-3 
kinase-like-kinase (PIKK) family (Canman & Lim 1998; Hartley et al. 1995; Stiff et al. 2005) 
to which also the significant signal transducers of the DNA damage response, ataxia-
telangiectasia (ATM) and ATM-Rad3-related (ATR) genes belong. This PKcs enzyme is 
unique in that it requires a DNA-end to become active (Collis et al. 2005; Thacker & 
Zdzienicka 2004). Furthermore, DNA-PKcs activity is stimulated by Ku when the DNA is 
longer than 26 bp; otherwise Ku prevents the DNA PKcs from progressing (Hammarsten & 
Chu 1998). The severe combined immune deficiency (SCID) mouse, which is the most 
seriously inherited immunological deficit, has a mutation in the DNA-PKcs gene causing 
truncation of terminal 83 amino acids in the kinase domain (An et al. 2005; Niimi et al. 2005) 
which leads inevitably to hypersensitivity in IR (Biedermann et al. 1991; Hendrickson et al. 
1991), and to a defect in V(D)J recombination characterized by undetectable coding-joints 
alongside relatively normal signal-joints (Dai et al. 2003; Finette et al. 1996). As previously 
mentioned, since DNA-PKcs gene product has a homology to PIKK family, studies 
examining the radiation sensitivity using selective inhibitors of PI-3 kinase have recently been 
reported (Price & Youmell 1996; Rosenzweig et al. 1997). In such investigations, relatively 
high concentrations of wortmannin (20 µM) (Kinashi et al. 2003; Okayasu et al. 1998; Sasaki 
et al. 2002) or LY294002 (50 µM) (Brunn et al. 1996; Rosenzweig et al. 1997; Stiff et al. 
2004) have been used to radiosensitize the cells of various human and murine cells in vitro. 
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Wortmannin inhibits PI-3 kinase, an important enzyme involved in intracellular signalling, 
through covalent binding to the C-terminal region of the catalytic subunit (Wymann et al. 
1996). Moreover, it has been shown that wortmannin has a greater effect on the survival of 
G1-phase cells than of S/G2- phase cells after irradiation and suggested that the particular 
fungal metabolite as a drug might be more effective in normal cells compared to malignant 
cells, a result that would be more helpful in radiation therapy according to Chernikova et al. 
(2001). 
The novel candidate of NHEJ is the so-called Artemis gene, and was identified on the 
basis of its mutation in patients with SCID (Moshous et al. 2001). Though the function of the 
Artemis gene was not known at the beginning, it has now been revealed that Artemis and 
DNA-PKcs form a physical complex both in vitro and in vivo, and DNA-PKcs can 
phosphorylate Artemis (Dai et al. 2003; Ma & Lieber 2002). Also cells from Artemis-null 
patients have shown a failure in the formation of signal joints but not in V(D)J recombination, 
that are indistinguishable from DNA-PKcs-null mice (Moshous et al. 2003). The Artemis-
DNA-PKcs complex acts as an endonuclease at both 5´overhangs and 3´overhangs. Mutations 
of Artemis in its β-lactamase fold abolish endonuclease activity, which indicates that this 
region might be at least partly responsible for the extent of nuclease activity (Lieber et al. 
2003). Further, the Artemis-PKcs complex is also very efficient at opening DNA hairpins 
(Karanjawala et al. 2002). Artemis deficient cells have exhibited radiation sensitivity and 
defective V(D)J recombination, implicating Artemis function in the NHEJ pathway (Jeggo & 
Lobrich 2005; Riballo et al. 2004). And in the mean time, a syndrome called Omenn has been 
found to be related with Artemis gene mutations (Ege et al. 2005). Cells taken from 
athabascan-speaking native american SCID patients have recently shown significantly 
elevated sensitivity to IR but only a subtle change in DSB repair in contrast to the severe DSB 
repair defect of NHEJ-deficient cells (Wang et al. 2005) (This repair defect has been 
extensively studied by our group !!!).  
DNA Ligase IV takes part in the formation of DNA strand-joining events via the 
NHEJ pathway and functions in a stringent complex with the protein XRCC4 (Grawunder et 
al. 1997; Li et al. 1995). Ligase IV’s responsibility for collocating DSBs were observed in 
S.cerevisiae (Wilson et al. 1997). Similarly, the DNA Ligase IV in mammalian cells was 
understood as the ligase for DSB repair on the basis of its physical association with XRCC4. 
This complex was shown in radiation-sensitivity studies to be most vital for NHEJ 
(Grawunder et al. 1997). Recently, a syndrome called LIG4, under the guise of hypomorphic 
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mutations in DNA Ligase IV, has been found in some human patients (Karanjawala et al. 
2002; Rothkamm et al. 2001).  
The size of the XRCC4-gene product is a protein of about 38 kDa in humans, whose 
precise role in NHEJ is still unknown (Koch et al. 2004; Li et al. 1995). However, consistent 
with a previous report (Teo & Jackson 2000), biochemical studies in the mammalian system 
have shown that Ku can load the XRCC4-ligase IV complex onto DNA ends and affect the 
DNA-end-ligation (Grawunder et al. 1997; Li et al. 1995).  
The MRE11/RAD50/NBS1 complex found in humans has been implicated in 
supplying the exonuclease activity involved in the NHEJ, but other reports recently suggested 
that this complex may function primarily in HR repair, with secondary roles in NHEJ and 
damage events (Lee & Paull 2005). A functional homologue of XRS-2 in human, p95 (NBS1) 
is found to be mutated in the Nijemegen breakage syndrome (NBS) which is recognized as a 
human cancer predisposition and radiation sensitivity syndrome (Carney et al. 1998; Varon et 
al. 1998) as has been the case for ataxia-telangiectasia (A-T) patients. Mutations in ATM 
(ataxia-telangiectasia mutated) gene which is the central signal transducer of DNA damage 
response (Lobrich & Jeggo 2005), lead to A-T, and cells from these patients were 
hypersensitive to DSBs (Shiloh 2003). A-T and NBS are generally characterised by 
chromosome instability especially involving chromosome 7 and 14 (Stiff et al. 2005). NBS 
has therefore been described as an Ataxia-telangiectasia-like disorder (ATLD) (Varon et al. 
1998). Patients with ATLD, however, showed a mild A-T phenotype with no microcephaly or 
developmental delay (Stewart et al. 1999). Further, hypomorphic mutations in hMRE11 gene 
(Stewart et al. 1999), but not in ATM gene, were observed in ATLD-patients recently 
suggesting that ATM and the human MRN protein complex seem to act in the same DNA 
damage response pathway and there is a link between human MRE11 and the complex 
pathology of A-T. Furthermore, other studies have provided that the ATM gene is 
nonessential in mice and humans, while NBS1 and MRE11-defective in mice are 
embryonically lethal (Stiff et al. 2005; Yamaguchi-Iwai et al. 1999). 
 
 
2.2.2. Cell Cycle and DNA Damage 
 
Exogenous DNA damaging agents such as ionizing radiation (IR) influence the transcription 
of many genes in mammalian cells (Allen et al. 2003). Several early-response genes are 
transcribed at high levels shortly after exposure to IR (Amundson et al. 2002; Lowe et al. 
1993b). Some of these early-response genes encode transcription factors that direct the 
cellular responses to IR, including cell cycle arrest, induction of DNA repair, and apoptosis. 
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The well-known tumour suppressor p53 gene is among the early-response genes. After DNA 
damage, p53 functions in the induction pathway of cell cycle arrest (Caspari 2000; Kastan et 
al. 1991) and the induction of apoptosis (Goi et al. 1997; Lowe et al. 1993a). The activation of 
p53 gene is known to depend on the ATM kinase gene (Caspari 2000). However, the precise 
mechanisms by which the p53 gene regulates DNA repair, genomic stability and mutagenesis 
remain to be further elucidated (Jeggo 1998), although many biochemical functions of the p53 
were identified (Agrawal et al. 1998). In addition, the ATM-gene is the apex of a signalling 
cascade that responds to the most significant damage to DNA, and is the key to co-ordinating 
all resulting cellular responses (Khanna et al. 2001; Shiloh 2003). ATM is activated following 
cell exposure to irradiations (Bakkenist & Kastan 2003; Pandita et al. 2000) and 
phosphorylates proteins involving in cell cycle checkpoint mechanisms and DNA repair. It 
was suggested, that ATM is activated by intermolecular autophosphorylation on Ser1981 
(Bakkenist & Kastan 2003; Riballo et al. 2004). 
Although checkpoints can easily be demonstrated in cell culture systems, the 
occurrence and role they play in vivo seem to be less clear (Liang et al. 2002; Shao et al. 
2000). However, since proteins involving in DNA damage responses activate checkpoint 
proteins, they are indispensable in preventing carcinogenesis (Slupphaug et al. 2003). This is 
the reason why cells derived from A -T-patients show defective cell-cycle checkpoints after 
DNA damage (Kuhne et al. 2004; Mondello et al. 2001; Riballo et al. 2004) and also why a 
high incidence of chromosomal translocations and frequent malignancies in lymphoid cells is 
evident (Thacker 2005). Therefore, the defective cell-cycle checkpoints found in A -T-cells 
after DNA damage represent the defective phosphorylation of ATM-substrates (Shiloh 2003). 
Apart from that, A -T-patients display clinical radiation sensitivity (Morrison et al. 2000), 
immunodeficiency (Riballo et al. 2004) and also show higher risk of cancer induction (Chun 
& Gatti 2004). In addition, recent studies revealed that null mutations in ATR gene which is 
also a signal transducer in DNA damage (Foray et al. 2003; Helt et al. 2005), are lethal (de 
Klein et al. 2000), but the mutants, having been sensitised to all forms of DNA damage, were 
therefore seen to affect the intra-S and G2/M checkpoint responses (Cliby et al. 1998; Nghiem 
et al. 2001). Further, it has been suggested that replication protein A (RPA) bound to single-
strand DNA is a requisite for the recruitment of ATR to sites of DNA damage (Zou & Elledge 
2003). Recently, O´Driscoll et al. (2003) identified a hypomorphic mutation in the ATR gene 
in two related Seckel syndrome patients. ATR-Seckel patients had characteristics that overlap 
with NBS, namely pronounced microcephaly, developmental delay and distinct facial features 
(Goodship et al. 2000; O´Driscoll et al. 2003). Nevertheless, while ATM responds to the 
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presence of DNA DSBs, ATR appears to be activated by ssDNA, arising at stalled replication 




2.3 Radiation-Induced Mutagenesis and Cancer 
 
Irrespective of the fact that the mutagenic effect of ionizing radiation was first known after 
Hermann Müller performed his classic experiments with Drosophila in 1927 (Nissani & 
Carlson 1975), it is only later that information has focussed on the molecular nature of 
mutations in mammalian cells. Previous molecular studies with the X-linked HPRT gene have 
already shown that radiation could induce both small-scale mutations and large-scale 
mutations such as deletions (Jackson 2002) with the latter sometimes including the entire gene 
(Bao et al. 1995). The impact of radiation-induced deletions at a hemizygous gene locus that 
can give rise to a survivable cell is, in most cases, limited. This is due to the presence of 
adjacent essential genes where mutation can not be induced by homologous recombinational 
events. Alternatively, studies in which autosomal loci were implemented for the study of 
mutational events have yielded large-scale events involving loss of heterozygosity (LOH) as 
the most frequent genetic changes (Amundson et al. 1992; Hutchinson 1995; Miles et al. 
1990). LOH is, by nature, frequently extended to both proximal and distal sites from the 
aimed gene (Li et al. 1992). One therefore takes it for granted that LOH is often the result of a 
simple deletion and it has been revealed that some cases are, inadvertently, the consequence 
of recombinational events (Wiese et al. 2001).  
 Apart from the mutations occurring directly after the cells´ exposure to radiation, the 
observance of mutagenesis of cells that were not, themselves, irradiated, but were 
neighbouring cells of those actually traversed by an alpha particle has been reported. In the 
literature, the latter case has been termed as a ‘bystander’ effect (Nagasawa et al. 2003). 
Furthermore, it has been common knowledge for a long time, that ionizing radiation can 
develop into an universal carcinogen, in that it can induce cancer in most tissues of most 
species, regardless of age, whether adult, child or even foetus. These cancers induced by 
radiation appear to be of a similar histological type, as they occur spontaneously, and in most 
cases, their type, an actual virulence, endemic in such typical growths, is likely to vary quite a 
lot. Later on, in experimental stages, it became quite clear that radiation-induced 
carcinogenesis could, no doubt, be influenced by a variety of non-carcinogenic secondary 
factors (Heidenreich & Paretzke 2004; Trosko 1996). The genetic changes that radiation can 
induce include a wide variety of stable chromosomal aberrations, including deletions and 
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reciprocal translocations. It is, therefore, tempting to speculate that these aberrations may play 
quite a fundamental role in the complex process of radiation carcinogenesis. While radiation-
induced cancers are reported to contain multiple unbalanced chromosomal rearrangements, 
few have shown specific translocations, or deletions, as those obviously related to the 
activation of notable oncogenes, or tumour suppressor genes (Applegate et al. 1992; Van 
Steeg et al. 2000).  
 Notwithstanding, evidence shows that certain types of cancers, normally discovered to 
be extremely virulent, not only in irradiated but also in non-irradiated populations, make it 
difficult for anyone to deduce with any degree of certainty whether any given type of cancer 
is, in fact, due to either a given magnitude of radiation-exposure, or, adversely; the 
consequence of a large number of other factors (Schecker & Reynolds 1995; Van Steeg et al. 
2000). Similarly, despite the fact that a great deal of data still remain inadequate, it is a fact 
that radiation does indeed initiate malignancies and one is also forced to admit that 
spontaneously induced malignancies are caused by other carcinogens. Following up on this, it 
has also been difficult to determine the manner in which genetic changes occur, since a 
normal cell becoming transformed into a cancerous one is an involved and intricate process 
that requires multiple mutational changes accumulated in an enigmatic and complex manner 
over a period of many years (Hall 2000). 
 
 
2.3.1 Mutations and Classification  
 
Any heritable change which takes place in a gene is called a mutation. Although mutations 
take place spontaneously, aside from radiation, they can also be induced by a variety of other 
chemical agents that damage nucleotides, or that produce breaks in polynucleotide chains. 
There are in respect of mutation in its broadest sense, small-scale and large-scale mutations. 
Mutations can be classified in a variety of ways. Those that arise in gametes are germ-
line mutations, all others being somatic mutations. Here, reproductive cells are not affected, 
so somatic mutations cannot be passed on to the progeny cells, and may not, in fact, be 
amenable to genetic studies. Mutations can also be classified in accordance with the manner 
in which they affect gene expressions. For example, the mutation that inactivates the complete 
gene function is a loss-of-function mutation (Frankenberg et al. 2002; Tatsumi et al. 1992). 
The same mutations can be labelled with different names, some of which are: ‘null 
mutations’, ‘knockout mutations’ and ‘amorphic mutations’. A type of mutation that reduces, 
but does not eliminate, the level of expression of a particular gene, or the activity of the gene 
product, is called a ‘hypomorphic mutation’ (Stewart et al. 1999). These mutations result from 
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an amino acid replacement that impairs protein function (Ege et al. 2005; Zhang et al. 2005), 
or from those nucleotide substitutions that prevent proteins from being produced at the normal 
level. Hypomorphic mutations can cause cells to react differently. For example, hypomorphic 
mutations that have recently been identified in DNA ligase IV (Kuhne et al. 2004) exhibit a 
substantial repair defect up to 24 hours, but which continue to undergo several days’ worth of 
repair, and consequently seem similar to that of wild-type cells that manage to reach the level 
of non-repaired DSBs. 
The opposite of a ‘hypomorphic mutation’ is a ‘hypermorphic mutation’ (Van 
Raamsdonk et al. 2004). Here, by the mutation, the amount of gene product that a mutant 
produces is greater than normal level of gene expression, because, typically, the mutation 
changes the regulation of the gene so that the gene product is overproduced; for example, an 
amino acid-replacement may increase the activity of an enzyme or another protein. There are 
also mutations which qualitatively alter the action of a gene, and these are called gain-of-
function mutations (Tatsumi et al. 1992). In such cases, mutations of this sort are dominant 
whereas, most loss-of-function and hypomorphic mutations on the whole, prove to be 
recessive (Zhang et al. 2005). And, in addition to this, because they are more likely to 
undergo mutation than others, certain DNA sequences on the genome are labelled as 
‘mutational hotspots’ (Drobetsky & Sage 1993; Thilly et al. 1989). So, mutational hot spots 
may, in fact, include monotonous runs of a single nucleotide, or involve tandem repetitions of 
some particular short sequence, such as an unstable tri-nucleotide-repeat, that may be 
expanded, or contracted by replication slippage, or by other mechanisms (Podlutsky et al. 
1998). Typical hot spots can be found at various sites, throughout the genome itself, and also 
within the genes. Regarding genetic studies of mutation, the existence of hot spots would 
mean that a relatively small number of sites could decidedly account for a disproportionately 
large fraction of all mutations (Podlutsky et al. 1998; Thilly et al. 1989). 
 
 
2.3.1.1 Small-Scale Mutations 
 
In this section, classifications of small-scale mutations such as point mutations will be 
described. When we concern ourselves with the molecular nature of mutations, we are 
confronted with their simplest type, and that is a nucleotide base substitution, in which a 
nucleotide pair within a DNA duplex is replaced by a different nucleotide pair. For example, 
within an A→G substitution, an A is replaced with a G in one of the DNA strands. This 
substitution temporarily creates a mismatched G-T base-pair, therefore when the next 
immediate replication takes place, this particular kind of mismatching is resolved as a proper 
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G-C base-pair within one specific daughter-molecule, and additionally as a proper A-T base-
pair within the other daughter-molecule. In this case, the G-C base-pair is the mutant and the 
A-T base- pair is a non-mutant. Some nucleotide substitutions replace one pyrimidine base 
with the other, or one purine base with the other. These are called transition mutations 
(O'Neill & Finette 1998; Vrieling et al. 1989). There can be 4 possible transitions mutations: 
T→C or C→T (pyrimidine → pyrimidine); A→G or G→A (purine → purine). The other 
possible nucleotide substitutions replace a purine with a pyrimidine, or the other way round. 
These genetic changes are called transversion mutations (Silva et al. 2005). Eight possible 
transversion mutations are: A→T, A→C, G→T or G→C (purine → pyrimidine); T→A, 
T→G, C→A or C→G (pyrimidine → purine). Should these changes of bases occur in a 
random manner, then one would expect a 1:2 ratio of transitions to transversions. However, 
studies have shown, that spontaneous nucleotide substitutions are often biased in favour of 
transitions, and a particular ratio of base pair substitutions in the human genome is nearly 2:1.  
The mutations that change the nucleotide sequence without changing the amino acid 
sequence are called silent mutations or synonymous mutations (Saffi et al. 2001), whereas the 
mutations with the other way round are missense mutations or non-synonymous mutations 
(Lee & Paull 2004; Oguchi et al. 2003). A change in the amino acid sequence of a protein 
may actually alter the biological characteristics of the protein here. Another classical example 
of the phenotypic effect of a single amino acid change is the change responsible for the 
human hereditary disease sickle-cell anemia. The sickle-cell mutation is an A-T → T-A 
transversion in the second codon position for the sixth amino acid in the β-globin chain of 
haemoglobin; particular mutation caused the normal glutamic acid to be replaced with valine 
(Kudsk et al. 1981; Markenson et al. 1978). Further, mutations that create a new stop codon 
resulting in the premature termination of translation and the production of a truncated 
polypeptide are called nonsense mutations (Hou 1994; O'Neill et al. 1998). Due to 
termination, the remaining polypeptide fragment finally becomes non-functional.  
Mutations, in which small insertions and deletions occur instead of single base-pair 
substitutions are mostly limited to 1-6 base pairs in mammalian genomes. These types of 
mutations, however, cause the amino acids to be altered on their way downstream from the 
site of the mutation, and are termed frameshift mutations, considering their function in the 




2.3.1.2 Large-Scale Mutations 
 
Chromosomal-level aberrations belong to large-scale mutations. Should the irradiation be 
delivered early in the cell cycle before DNA replication has begun, then the chromosomes 
will not yet have duplicated, and the lesions will affect to whole chromosomes. This may be 
visible through chromosome-type aberrations (formed in G1 or G0) immediately after mitosis 
(Mognato et al. 2003; O'Neill et al. 1991; Virsik-Kopp et al. 2004). In contrast, chromatid-
type aberrations (formed in G2) may arise following irradiation at a later stage during the cell 
cycle when each chromosome, will have divided into two chromatids, so that the damage may 
only be found in one of a pair of chromatids (Harvey et al. 1997; Helbig et al. 1994). 
Aberration formation is usually assessed using the long known breakage-and-reunion model 
and its current versions (Sachs et al. 2004). An aberration is formed when free ends from two 
or more different radiation-induced DSBs interact. However, recent evidence argues strongly 
for different mechanisms for chromosome- and chromatid-type aberrations, i.e. there is little 
or no correspondence in the relative frequencies between chromosome and chromatid 
aberrations (Bryant 2004). 
In general, there are four basic structural aberration categories: terminal deletion or 
discontinuity; interchange; inter-arm intrachange; intra-arm intrachange. Terminal deletion or 
discontinuity of a chromosome can be thought to be from a single break while all other three 
categories require the interaction of a minimum two breaks. Of all these categories, 
interchanges such as translocations are the commonest form for chromosome-type 
aberrations, whereas various forms of intra-arm intrachanges between breaks in the sister 
chromatids (interstitial deletions or paracentric inversions) are believed to be the commonest 
among chromatid-type aberrations. Two rejoining modes, which yield either a dicentric (a 
chromosome with two centromeres and also resulted from interchanges) or a reciprocal 
translocation are thought to be equal, despite the fact that the latter are only visible when 
specialised staining techniques such as fluorescent in situ hybridisation (FISH) are employed 
(Nias 1998). The dicentrics, because they are much easier to score, have for some time been 
the basis of a technique of biological dosimetry (Ballarini & Ottolenghi 2003; Frankenberg et 
al. 2002; Nias 1998). In addition to reciprocal translocations, there are also its asymmetric 
form of chromosomal interchanges; non-reciprocal translocations. It has been reported, that a 
translocation can be used in radiological protection to supplement physical dosimetry in the 
event of a suspected accidental exposure to radiation (Boei & Natarajan 1998; Edwards 
1997). In addition to these two chromosomal mutations (translocations and dicentrics), 
inversions, insertions, centric rings, duplications and deletions are the other chromosomal 
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aberrations that have been found among the radiation-induced chromosome-level aberrations 
(Bauchinger & Schmid 1997; Mognato et al. 2003).  
An inversion whose inverse region is not equipped with a centromere is called a 
‘paracentric’, while its antonym is known as a ‘pericentric inversion’ (Bauchinger & Schmid 
1997; Brenner 1996; Ciampi et al. 2005). Centric rings and pericentric inversions are 
observed as inter-arm intrachanges while paracentric inversions and interstitial deletions are 
resulted by intra-arm interchanges (Hlatky et al. 1992). As deletions are generally thought to 
be harmful to the organism, one should bear the customary rule in mind: ‘the larger the 
deletion, the greater the harm’, notwithstanding, larger chromosomal deletions are usually 
lethal, even when the heterozygous element bears a normal chromosome. Small deletions are 
often viable when they are heterozygous with a structurally normal homolog, because the 
normal homolog supplies gene products that are necessary for cell survival. In any case, even 
small deletions if they are found homozygous, can be lethal (Edwards et al. 1997; Okano et al. 
1999).  
When two genetically equal regions are detected within chromosomes, they are known 
as ‘duplications’ (Mizuki et al. 2000). A duplication in which duplicated segment is in the 
same orientation immediately adjacent to the normal region is called a tandem duplication. An 
example is the Bar duplication in Drosophila, which is a tandem duplication of bands 16A1 
through 16A7 in the X chromosome. Compared to duplications, deletions are however much 
more harmful, although, in such cases, the size of comparable duplications should definitely 
be considered. Large-scale chromosomal rearrangements generally represent the primary 
genetic lesion in a variety of situations important to human health. Chromosomal-scale events 
are frequently involved in carcinogenesis (Fearon & Vogelstein 1990) and represent a 
significant component of the mutational spectrum in loci associated with heritable diseases 
(Mohrenweiser 1994). Particularly, deletion and translocation mutations have been shown to 
play a significant role in the genesis of many cancers. It has been shown that tumours are 
often related with chromosomal rearrangements; translocations, inversions, and large 
deletions (Gisselsson et al. 2000; Grosovsky et al. 1996; Jostes 1996), when they were 
investigated cytogenetically. Further, these rearrangements are also seen as mutations in 
genetic diseases (Edelmann et al. 2001; Hu et al. 1991). Usually these are small percentage of 
possible mutations; however, for some genes, such as in Duchenne and Becker muscular 
dystrophy, large deletions can comprise a major percentage of mutations (Den Dunnen et al. 
1989). In between, large-scale deletions below the limits of cytogenetic resolution have been 
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identified by molecular analysis at loci such as dystrophin (Den Dunnen et al. 1989), α-globin 
(Nicholls et al. 1987) and steroid sulfatase (Yen et al. 1990). 
 
 
2.4 Mutagenesis Analysis  
 
In order to have a clear picture of the frequency and nature of the mutations caused by 
exposure to a particular genotoxic agent, genes are being sought that are suitable as markers 
for induction of mutation (Albertini 2001). Ideally, such a marker gene should allow the 
identification of a mutant cell among a large number of cells with no mutation in the marker 
gene. Mutant cells might be identified visually for example by colour or by selective growth 
of the cells carrying the mutation. Furthermore, the marker gene should be sensitive to the 
many different types of mutations that might be generated by the genotoxic agent under 
investigation (Frankenberg-Schwager et al. 2002). Thus the types of mutation in the marker 
gene that cause a phenotype should include intragenic mutations such as base-pair changes, 
small deletions, insertions frame shift mutations and chromosomal mutations such as large 
deletions, translocations, gene conversions, mitotic recombination, chromosome losses etc 
(Giver et al. 1995; Grosovsky et al. 1996).  
Following are two main mutation induction gene markers together with other markers 
that are being used in present day mutation analyses. Out of all these markers, HPRT gene 
locus has been used frequently in radiation-induced mutation evaluations and clinical studies.  
 
 
2.4.1 Hypoxanthine-Guanine Phosphoribosyl Transferase (HGPRT or HPRT) 
 
Hypoxanthine-guanine phosphoribosyl transferase (HGPRT or HPRT) is a purine salvage 
enzyme that catalyses the conversion of hypoxanthine and guanine into inosine mono 
phosphate (IMP) and guanosine mono phosphate (GMP), respectively (Cameron et al. 1993). 
In humans, HPRT deficiency is related to two clinical disorders, i.e. Lesch-Nyhan (LN) 
syndrome caused by a complete deficiency of HPRT (Lesch & Nyhan 1964; Nyhan 2005), 
and a milder disorder, known as the Kelly-Seegmiller syndrome, characterized by severe gout 
attacks and a superfluity of uric acid, or nephrolithiasis (Seegmiller et al. 1967). The former 
disorder is related to hyperuricemia, mental retardation, choreoathetosis, and compulsive self-
mutilation (Jolly 1986; Yang et al. 1988). According to literature, missense mutations have 
been found in HPRT mutant clones which were derived from irradiated cell cultures (Brown 
et al. 1986; da Cruz & Glickman 1997). 
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The human hypoxanthine-guanine phosphoribosyl transferase gene is found within the 
X-chromosome (Xq26-27) (Jinnah et al. 2000) and is expressed in a constitutive manner. The 
gene is located within a 45-kilobase (kbp) region on the X-chromosome in humans and 
rodents (Kim et al. 1986; Melton et al. 1984; Morris & Thacker 1993). This gene is composed 
of nine exons and eight introns and is transcribed into 1.6 kb of mRNA, which encodes a 
protein of 218 amino acids (Jolly et al. 1983; Patel et al. 1986). This coding sequence is 
distributed among 9 exons ranging from 18 (exon 5) to 184 (exon 3) base pairs. Introns range 
from 170 (intron 7) to 13075 (intron 1) base pairs (Giver et al. 1993; Jolly 1986). 
Furthermore, the HPRT gene belongs to a class of housekeeping genes which includes DHFR, 
adenosine deaminase, and phosphoglycerate kinase, all of which have a similar organization 
of promoter elements (Cohen et al. 2002). The entire gene with all intronic sequences has 
already been cloned and sequenced (Edwards et al. 1990).  
HPRT is a non-essential enzyme for cells in tissue culture. The base analogue, 6-
thioguanine, is also a substrate for the enzyme, and can be converted into its corresponding 
mono-phosphate, which is actually toxic to cells. A mutation that inactivates the gene causing 
the loss of gene product makes the cell resistant to 6-thioguanine. Cells lacking the HPRT 
gene function are, therefore, able to grow in medium containing 6-thioguanine, whereas 
normal cells die. This selection procedure can in practice be applied to both male and female 
cells, because, in fact, both carry only a single active copy of the HPRT gene. Following 
exposure to a genotoxic agent, the cells need time to convert the DNA damage into a 
mutation, and subsequently allow the mutant to express its phenotype. For cells in culture, the 
time required for the full expression of HPRT mutations is seven to eight days (Morris et al. 
1993; Morris & Thacker 1993; Van Zeeland & Simons 1975). This particular period of time 
in mutation-induction experiments is called ‘expression time’ and it is probably dependent on 
the turnover of the HPRT-mRNA and the HPRT protein. The latter appears to be generally 
stable, and several cell-divisions are needed to dilute it. How long the ‘expression time’ takes, 
however, varies to some extent according to the dose and the type of mutagen used. By 
isolating cells from peripheral blood, it is also possible to analyse HPRT mutations in human 
T cells. 
The HPRT-gene has shown itself capable of bearing many mutation types including 
point mutations, deletions, insertions, and translocations and a mechanism such as illegitimate 
V(D)J recombination-mediated deletion (Rainville et al. 1995; Recio et al. 1990). 
Rearrangements, such as inversions, translocations, duplications, and large deletions have 
occurred, although only a small percentage of HPRT somatic mutations or those of germinal 
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Lesch-Nyhan muations, can be made responsible for events among normal individuals 
(Nicklas et al. 1989). However, these mutations can increase to up to 60% of all mutations in 
in vitro irradiated cells or in radiation-exposed individuals (Albertini et al. 1997; Albertini et 
al. 1990a). Furthermore, the aforementioned gene happens to be one of the few genes that are 
suitable as a marker for mutation induction in animal systems and humans (Aghamohammadi 
et al. 1992; Albertini et al. 2000). Alternatively, the HPRT gene is widely used as a model 
gene in both in vivo studies of somatic mutation, and in vitro studies of mutation (Albertini et 
al. 1990b; Dobrovolsky et al. 2005). 
 
 
2.4.2 Adenosine Phosphoribosyl Transferase (APRT) 
 
The human Adenosine phosophoribosyltransferase (APRT) gene is found on chromosome 16, 
and is 2.6 kbp in length (Amundson et al. 1992; Miles et al. 1990; Paeratakul & Taylor 1986). 
Particular enzyme is able to convert adenine into adenosine monophosphate (AMP). As has 
been the case with HPRT, an additional biosynthesis pathway is available for AMP, so that 
the APRT gene product is not essential to the cell. Cells that have a mutation in their APRT 
gene can be selected from wild-type cell populations by using their resistance to 8-azoadenine 
and 2,6 diaminopurine. Because APRT mutations are recessive; the frequency of 8-azadenine-
resistant mutants is very low in populations of wild-type cells, and therefore, only cell-lines 
already carrying a mutation in one of the two APRT alleles are suitable for assay of mutation 
induction (Sankaranarayanan 1991). 
The spontaneous mutation frequency in mouse T lymphocytes at the APRT gene locus 
is reported to be 10 times higher than that at the HPRT gene locus. The length of the 
restriction-fragment in polymorphism analysis of genomic DNA of APRT negative clones has 
revealed that almost eighty percent had actually lost the germinally intact allele, but that in 
many of these allele-loss mutants the mutated APRT allele seemed to have been duplicated 
(Fujimori et al. 1992).  
Apart from the above two loci that have been described, Na+/K+-ATPase gene locus, 
Dib-1 gene locus, Thymidine kinase gene (TK) and Dihydrofolate Reductase gene (DHFR) 




2.5 Scope of this thesis 
 
Although a number of investigations was reported on the molecular characterisation of 
radiation-induced mutations, little is still known about mutagenesis and the related molecular 
mechanisms of the formation of genomic rearrangements and deletions after cells´ exposure 
to ionizing radiation. The hypoxanthine guanine phosphoribosyltransferase (HPRT) locus has 
been used in many of these studies because mutants in this X-linked, hemizygous, non-
essential gene can easily be isolated in the presence of the purine analogue 6-thioguanine (6-
TG). 
A variety of methodologies have been used. They include: measurements of targeted 
enzyme activities, Southern hybridisations following restriction digestions, PCR studies using 
sequence tagged sites (STSs) for the Xq26 chromosomal region containing the HPRT locus, 
multiplex PCR based on only 3 HPRT exons, multiplex PCR based on all 9 HPRT exons, RT-
PCR based on HPRT-mRNA, and combinations of two or more of the above mentioned 
methods. The targeted sequential regions of most of these analyses were either the HPRT 
gene or the coding sequences of the gene with 1 or less than 2 Mbp of adjacent sequences at 
either side of the gene. Importantly, the cell lines and cell cycle phases in which the cells were 
found during irradiations, play a crucial role in mutation spectra. Most of the studies were 
based on rodent cells and human tumour cells. Only a few studies were, however, carried out 
on human primary fibroblasts. Nevertheless, experimental procedures on primary fibroblasts 
were known to have encountered with difficulties due to the fact that cells reach their 
replicative senescence after a few dozen of cell divisions. 
The present study was focused on the generation and molecular characterisation of X-
radiation-induced HPRT deficient mutant clones in two different human cell-lines using 
hybridisation assay, as well as multiplex-PCR of HPRT exons, RT-PCR of HPRT-cDNA, 3-
Dye-FISH and DNA sequencing analysis.  
 
The experimental work described was directed towards: 
 
 The characterisation of HPRT mutant clones following acute dose X-
irradiation of a malignant human cell-line. 
 The analysis of the effect of pharmaceutical inhibition of non-
homologous end-joining on the frequency and the spectrum of X-ray-
induced HPRT mutations.  
 The characterisation of mutation patterns in telomerase-immortalised 
normal human primary fibroblasts following acute X-ray exposure. 
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 The characterisation of HPRT-mutant clones in telomerase-
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3 Materials and Methods 
 
 
3.1 Primary Cell Culture 
 
3.1.1 Human Bladder Carcinoma Cell Line - MGH-U1  
 
This male human malignant cell line is also known as EJ, HM, RN, and RB (Lin et al. 1985) 
in previous reports. Particular cell line is gifted by Dr. S. Powell, Boston, MA, USA. Cells 
were derived from a human bladder carcinoma and have epithelial characteristics. These cells 
have been used for previous studies in our group (Lobrich et al. 2000; Rothkamm & Lobrich 
1999) and also in Leonhardt et al. (2000) and the advantages of the cell line are rapid cell 
growth and easy handling in cell culture. Cytogenetically, the cells are hypertriploid to 
hypertetraploid (Kato et al. 1978; Young et al. 1985). Cells were grown to confluence as 
monolayers in Eagle’s minimal essential medium (MEM) (Biochrom, Germany) containing 2 
mM glutamine and supplemented with 10% foetal calf serum (FCS), 1% non essential amino 
acids (NEAA), streptomycin 0.1 mg/ml and penicillin 100 U/ml, at 37°C in 5% CO2 /95% air. 
Confluent cultures at a density of about 5 x 10
5
 cells per cm
2
 were used in all experiments. 
For mutation induction experiments, MEM culture medium with the above supplements was 
mixed with 2-amino-6-mercaptopurine /6-thioguanine (6-TG) to a concentration of 10 µg/ml 
before plating.  
 
 
3.1.2 Immortalised Human Primary Fibroblasts Cell Line - 82-6 hTERT   
 
Normally, human fibroblasts have definite cell divisions in cell culture but can be 
immortalized by transfection with a vector that carries the gene for the human telomerase 
reverse transcriptase (hTERT) catalytic subunit under the control of a constitutive promoter 
(Bodnar et al. 1998; Pirzio et al. 2004). Unlike normal somatic cells, most immortalized cell 
lines and tumour tissues process active telomerase, a ribonucleoprotein that adds 
enzymatically to the repeated TTAGGG sequences at chromosomal ends. Therefore, 
immortalised cells have an indefinite life span, but they are not tumorigenic, and they retain 
other characteristics of non-transformed fibroblasts, including normal karyotypes, cell cycle 
check point responses and growth requirements (Fernandez-Capetillo et al. 2002; Morales et 
al. 1999; Roques et al. 2001). 
The immortalised human primary fibroblasts used in this study are a generous gift 
from Prof. Dr. R. Schiestl, UCLA School of Medicine and Public Health, Los Angeles, USA. 
For all the experiments, 82-6 hTERT cells were grown to confluence in culture flasks in 
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MEM supplemented with 20% foetal calf serum (FCS), 1% non-essential amino acids 
(NEAA), streptomycin 0.1 mg/ml and penicillin 100 U/ml, at 37°C in 5% CO2 /95% air. 
Cytogenetic analyses revealed that cells are male and remain diploid (unpublished data, 
Löbrich et.al). To select the HPRT negative mutant clones, the same culture medium was 
used after adding 6-TG to a concentration of 10-20 µg/ml. At the confluent stage, the cell 
density of this cell line was about 7 x 10
4
 cell per cm
2
. The cells have shown relatively low 5-
10% plating efficiencies.  
In an attempt to generate a sub cell line with enhanced plating efficiency (PE), a 
separate selection experiment was carried out. In this selection experiment, cells showing 5% 
of cloning efficiency (original 82-6 hTERT cells) were seeded to obtain the surviving cells. 
After trypsination cells were replated. This procedure was repeated two more times. The 
selected cells then achieved plating efficiencies of at least 55%. The last two mutation 
induction experiments were based on this latter sub cell line. 
 
 
3.2 Cell Irradiation 
 
For all the radiation-induced experiments in this study, two different X-ray tubes were used. 
The X-ray tube used for the early experiments (with MGH-U1 cell line) was of type 
PW2184/00 (Philips), that was driven at 95 kV /25 mA and its dose rate was 5-Gy /min. The 
experiments carried out later were based on an another tube, MCN165/796704 (Philips), that 
was operated at 90kV /19mA with a dose rate of 2-Gy /min. Tubes were equipped with a 
wolfram anode and a beryllium window. The chosen filter plate was of 2 mm thick 
aluminium. The dose rates and the homogeneity of irradiation field were rechecked regularly 
using chemical dosimetry (Fricke-Dosimetry). Cells from the two above named cell lines as 




 flasks were 
exposed to irradiations at RT depending on the purpose of the experiment (survival 
experiments or mutation induction experiments) and subsequently incubated at the culture 
conditions as described in 3.1. 
 
 
3.2.1 Cell Irradiation for Cell Survival Colony Forming Assay 
 
3.2.1.1 MGH-U1 Cells and Cell Survival Colony Assay 
 
Cells were prepared as monolayers that were grown to confluence in 75-cm
2
 culture flasks. 
Cells in culture flasks filled with growth medium were then irradiated. For comparison, 
control cells that were not irradiated but handled with the same conditions were also analysed.  
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Doses of radiation administered were 1, 2, 4, and 6-Gy. Following exposure to radiation, cells 
were rinsed twice with 5 ml of phosphate-buffered saline (PBS) at RT and dispersed with 2 
ml trypsin-EDTA (0.25% trypsin solution containing 0.5 mM EDTA) and incubated for 5 min 
at 37°C (see also Figure 3.1). The loosened cells were homogeneously resuspended with cell 
culture medium pre-warmed to 37°C. Then the cell density of each suspension was 





cells /100-mm dish were then seeded in triplicate for each dose. To each petri dish, 10 ml of 
culture medium was added and the dishes were subsequently incubated for 12-14 days until 
cell colonies became visible. The seeding numbers of cells for each dose point were chosen 
by estimating how many cell colonies would later be counted in each dish after staining them 
with crystal violet (1 mg/ml (Sigma) dissolved in 25% ethanol). An average cell colony 
consisted of nearly 1 x 10
2
 cells as seen /observed through a low-power microscope. 
To obtain information about the survival of cells following irradiation in the absence 
of NHEJ, a separate survival experiment was performed. Here, confluent cells were treated 
with wortmannin, which is an enzymatic inhibitor also to DNA-dependent protein kinase (see 
also the review of the literature). Stock solutions of wortmannin were dissolved in DMSO at 
10 mM. Cells were pre-treated with wortmannin (Sigma) at a concentration of 20 µM 
(Okayasu et al. 1998; Price & Youmell 1996) or DMSO and incubated for 2 h. After that they 
were exposed to acute doses of X-rays at 1-6-Gy in the presence of wortmannin or DMSO. 16 
h after irradiation, the cells were washed three times by complete changes of medium to 
remove wortmannin or DMSO and fresh medium was added. Following trypsination, cell 
densities were calculated. For the colony-forming assay, the number of cells per dish was 
chosen to ensure that 50-100 colonies would survive a particular treatment. The cells were 
then plated out at 1 x 10 
2
 to 5 x 10
3 
cells /100-mm dish in triplicate. In parallel, unirradiated 
control monolayers were treated with 0.1% DMSO (Mosmann 1983) or with wortmannin. All 
groups of dishes were incubated for 12 days before staining with crystal violet. Cell colonies 
were examined under a low-power microscope and scored if each dish contained more than 
50 cell colonies. Cell survival following irradiation was normalized to unirradiated controls 
exposed to the same concentration of DMSO or wortmannin.  





3.2.1.2 Immortalised Human Fibroblasts and Cell Survival Colony Assay 
 
Confluent cell monolayers of immortalised human fibroblasts were prepared as described for 
the malignant cells, MGH-U1. For this purpose, cells in early passages were grown starting 
from small numbers. Sufficient numbers of cells were then generated by subsequent splitting. 
In comparison to the bladder carcinoma MGH-U1 cells, cell growth of this immortalised cell 
line was relatively slow. Confluent cell monolayers were irradiated with single doses of 1, 2, 




 cells /100-mm 
 
Figure 3.1. Representative diagram for cell survival colony forming assay: confluent cell monolayers were 
exposed to 0, 2, 4, and 6-Gy of X-rays and following trypsination, cells were detached. Then they were seeded 
as 100, 400, 1000 and 10000 cells with increasing of the administered dose of X-rays. After 1-2 weeks 
incubation, depending on the cell lines, the arising cell colonies were stained with crystal violet. Colonies 
were counted and plating efficiencies were calculated. Plating efficiencies of irradiated cells were corrected to 
that of unirradiated controls (From Hall, 2000). 
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plastic dish for each dose point in triplicate and the number of seeded cells was adapted to the 
dose points in a way that 50-100 colonies would survive a particular exposure to X-rays. After 
16-18 days of incubation, dishes were stained with crystal violet. An average colony 
contained nearly 50 cells. Cell survival following exposure to X-rays was normalised to 
unexposed controls.  
 
 
3.2.2 Acute Cell Irradiation for Mutation Induction 
 
Confluent cell monolayers were exposed to an acute dose (single dose) irradiation of 2 and 6-
Gy. Control cell cultures were treated under identical conditions without irradiation. 
Following irradiation, cells per dose were split into several flasks and incubated in previously 
described cell culture conditions. This step was mandatory to ensure the independent growth 
of the mutant clones (see section 3.3.3). Mutation expression times (Period needed for the 
decay of pre-existing HPRT products) were for 7-8 days (immortalised cells) and 10-11 days 
(malignant cells). These times are concordant with that of human fibroblasts (Morris et al. 
1993) and previous data for MGH-U1 (Lobrich 1999). Following expression times, surviving 
cells that were grown independently were then seeded in 6-TG (10-20 µg/ml) containing 
culture medium (1 x 10
6
 cells per 100 mm-petri dish) to allow HPRT selection. Thioguanine 
resistant cell colonies became visible after 14-16 days (Lobrich 1999) and 21-28 days (Morris 
et al. 1993) for malignant cells and immortalised cells respectively. During this incubation 
period it was necessary to change the culture medium containing 6-TG at least once. 
With the malignant cell line, three mutation induction experiments were carried out. 
The first experiment (Experiment I) only focused on one dose point (6-Gy), whereas the other 
two (Experiment II & III) were performed with an enzymatic inhibitor of DNA dependent 
protein kinase (see below). Similarly, three mutation induction experiments based on an acute 
dose were performed with the immortalised primary human fibroblasts (82-6 hTERT).  
 
 
3.2.2.1 Acute Dose Cell Irradiation and Mutation Induction in Wortmannin -Treated Cells 
 
To obtain information about the radiation-induced mutation in the absence of the NHEJ, 
confluent monolayers of MGH-U1 cells were pre-treated with 20 µM wortmannin and 
incubated for 2 h until they were then exposed to irradiations. Here, the doses used were 2-Gy 
with wortmannin and 6-Gy without wortmannin, with one control (0-Gy) that was treated 
with wortmannin (WM) and the other with DMSO. After exposure to X-rays, the cells were 
incubated for 16 h. Wortmannin treatment was carried out as before. After that, the cells were 
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washed three times with culture medium to remove the wortmannin. Then the cells were 
plated in flasks (25-cm
2
) to allow them to grow independently until they were introduced to 




 cells per petri dish (100-
mm) were seeded in thioguanine containing cell culture medium. Likewise, 40 petri dishes 
were prepared for mutation induction. The 6-TG concentration was as in 3.2.2. For the 
calculation of corresponding mutation induction frequencies, plating efficiency tests were 
carried out in parallel for all the dose points. To obtain sufficient numbers of HPRT mutant 
clones, this mutation induction experiment was repeated once.  
 
 
3.2.3 Mutation Induction Following Dose Fractionation 
 
Immortalised primary human fibroblasts grown to confluent monolayers were irradiated. By 
seeding small numbers of cells in culture flasks, cells were grown to confluence to minimize 
the spontaneously arising mutant colonies. The total doses chosen were 6-Gy and 18-Gy of X-
rays with respective dose fractions of 0.2-Gy and 0.6-Gy twice a day for 15 days to a total 
number of 30 fractionated irradiations. Cells were allowed to recover for approximately 10 h 
before exposing to the next dose fraction. Control cells that were not exposed to irradiation 
were handled under identical conditions. After the last dose fraction, cell cultures were 
incubated for 7 days to allow phenotypic alterations to appear. To compare the mutation 
induction of fractionated irradiations with acute dose irradiation, a few monolayers were also 
grown to confluence and exposed to 2-Gy and 6-Gy (acute doses) and incubated until the cells 
were plated for thioguanine resistance. Control cells that were not exposed to irradiation were 
handled under identical conditions. 
Two mutation induction experiments were performed using cells of two different 
plating efficiencies (~50% and ~10% see also 3.1.2) but that belonged to the same origin (82-
6 h TERT). Confluent cells in 75-cm
2
 flasks were irradiated as described above and incubated 
until the cells were seeded for mutation selection and corresponding plating efficiency tests. 
To recover sufficient numbers of surviving cells for each dose, the numbers of flasks or dishes 
required for each dose were established from survival data: 8 x 75-cm
2 
for controls; 4 x 75-
cm
2
 for each acute doses (2 and 6-Gy); 8 x 75-cm
2 
for 0.2-Gy x 30 and 8 x 75-cm
2 
for 0.6-Gy 
x 30. After the final day of irradiation (15 day at last serial fractionated irradiation); flasks 
were kept in incubators leaving 7-8 days of expression time to allow phenotypic expression.  
The expression times necessary for clearance of residual HPRT message and protein 
were 21 and 7 days for acute dose and fractionation respectively (see also 3.2.2). This 
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necessitated the passage of cells two or three times during the entire period of the experiments 
(from day 1 to day 15).  
 
 
3.3 Mutation Selection  
 
3.3.1 Mutation Selection Following Acute Dose Irradiation 
 
The use of the purine analogue 6-TG, also known as an anti-cancer drug forms the basis for 
cell selection following irradiation. Cells without a mutation on the HPRT gene locus are 
poisoned by 6-TG, while mutant cells survive in the culture medium and form colonies. Those 
cells that are able to form colonies are assumed to be mutant cells resulting from either a 
spontaneous mutation or from an induced mutation caused by X-ray irradiation. 
Commercially available 6-TG in powder form (Sigma, Germany) was dissolved in distilled 
water in the presence of Na2CO3 (with a Na2CO3 to 6-TG ratio of 5:1) to a concentration of 1 
mg/ml. These solutions were then filter-sterilized. Aliquots were frozen at -20°C for the 
following applications. 
To select the cell populations resistant to 6-TG, cells both irradiated and unirradiated 
were first rinsed twice with a sufficient volume of PBS, trypsinised (Trypsin-EDTA) at 37°C 
for 5-10 min and diluted in culture medium that was pre-warmed to 37°C. After that the cell 




 cells were seeded in each 100-mm dish. Flasks 
normally contained sufficient cells for 5-10 platings.  
For the mutation selection experiments, 6-12 ml of 6-TG stock solution (1 mg/ml) was 
added to 600 ml so that the final concentrations varied from 10-20 µg/ml (60-120 µM) 
(Morris et al. 1993). 10 ml of culture medium containing 6-TG was pipetted in each petri 
dish. Plated dishes were subsequently incubated for either 14-16 days (MGH-U1 cells) or 21-
28 days (immortalised human fibroblasts). In parallel, cells from each dose point were seeded 
in triplicate in dishes containing non-selective MEM medium for assessment of plating 
efficiency. These plating efficiency values were considered when scoring the corresponding 
mutation induction frequencies.  
 
 
3.3.1.1 Isolation of Radiation-Induced 6-Thioguanine-resistant (6-TG
r
) Mutant Sub Clones 
 
Following the incubation period, one or two single colonies well separated from neighbouring 
colonies were picked from each petri dish containing 6-TG medium (i.e. from each culture) 
(Morris et al. 1993). By the time cells had grown enough to form colonies, they could be 
discerned by eye on the bottom of the dishes as cell clumps when observed carefully in 
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daylight. Well separated colonies were trypsinised with 30-50 µl Trypsin-EDTA and carefully 
isolated under sterile conditions and were subsequently seeded /incubated in 6-well plates 
containing 3-4 ml of 6-TG containing medium /well to re-check the survival of the picked 
mutant clones.  
Because of the relatively large variations in mutant frequency between replicates, it 
was necessary to determine the mutant frequency for each treated culture. Several mutant 
clones were selected from each untreated and from each treated culture in which the mutation 
frequency was considerably higher than the average for the untreated cultures in the same 
experiment. Each clone analysed was selected from a different expression culture, thus 
eliminating poliferation during the expression period as a source of duplicates. Nonetheless, 




3.3.1.2 Isolation of Spontaneous Mutant Clones 
 
Cells, which had not been subjected to any mutagenic irradiation but were grown in parallel in 
6-TG containing selective cell culture medium, also formed 6-TG
r
 cell colonies. Although this 
was a relatively rare event, one single colony per dish was picked using the same procedure as 
described in 3.3.1. The number of spontaneously arising HPRT mutant clones was smaller in 
immortalised cells than in MGH-U1 cells. To avoid off set losses, isolated mutant clones were 
first cultured in 6-thioguanine containing culture medium and then incubated in 6-TG-free 
culture medium. After picking cell colonies, dishes were stained with crystal violet and the 
number of colonies per total number of seeded cells was counted. Finally, respective mutation 
induction frequencies were scored relative to the plating efficiency values. 
 
 
3.3.1.3 Expansion of HPRT-Deficient-Mutant Clones  
 
After 5-7 days, cells recovered as healthy clones in 6-well plates were trypsinised and seeded 
in 25-cm
2
 culture flasks containing 6-TG-free culture medium in order to allow cells to grow 
to sufficient numbers for cryopreservations and downstream analyses. The expansion of cells 
took at least 1-2 weeks, the majority of the induced mutant clones was observed to have slow 
growth. The morphological appearance of the cells under microscopic examination showed 
that there were no changes between wild type cells and each 6-TG
r
 mutant cell population. As 
it took relatively longer times for mutant clones until bulk numbers of cells were available, 
medium change was done several times during the incubation.  
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3.3.2 Mutation Selection Following Dose Fractionation  
 
After the expression times, the cells in flasks were trypsinized, resuspended in culture 
medium, enumerated for both mutagenesis assays and plating efficiency tests. After 
determining the cell densities of each flask, 0.5-0.6 x 10
6 
of cells were seeded in a 100-mm 
petri dish with 6-TG containing culture medium (MEM supplemented with 20% FCS and the 
other supplements as given also in 3.1.2). The cell content of a 75-cm
2
 flask was sufficient for 
10 platings. In parallel, two sets of triplicates /each dose were prepared in 100-mm dishes 
without 6-TG. Colonies were stained after 12-14 days to determine the plating efficiencies. 






















 for 0.6-Gy. Total numbers of dishes prepared were as follows: 80 for control; 40 
for each of the acute doses; 80 x for each of dose fractions.  
 Following an incubation period of 21-28 days, 6-TG
r
 colonies from the various 
radiation doses were isolated from the 100-mm mutagenesis plates prior to staining and 
individual colonies were cultured to confluence in 25-cm
2
 flasks containing MEM with 20% 
FCS and 6-TG. The colony chosen from a culture here was picked randomly, irrespective of 
size. Then the total numbers of colonies surviving 6-TG and those growing in non-selective 
medium were counted to give an estimate of the 6-TG
r
 mutant frequency. The isolated mutant 
clones (sublines) were subsequently expanded in 25-cm
2
 flasks /100-mm petri dishes in non-
selective medium until sufficient numbers were available to freeze a stock in liquid nitrogen 
and for molecular analyses. To avoid offset losses, in a few cases, more than one colony was 
picked from the same petri dish and their mutation characteristics were compared in 
molecular analyses before grouping them as independent mutant clones.  
 
 
3.3.3 Mutation Frequency and Independent Mutation Estimate  
 
After isolating single HPRT mutant clones as described in 3.3.1 and 3.3.2, plastic dishes were 
stained with crystal violet and the colonies were counted (also considering the colonies that 
were picked before). Mutation frequencies were calculated from the number of colonies 
surviving selection and the total number of cells assayed, taking into account plating 
efficiency and cell survival after treatment, since mutation frequency is defined as the number 
of mutant clones detected divided by the number of cells seeded, corrected for plating 
efficiency (Dahle & Kvam 2003). 
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One mutant cell colony per culture was picked to ensure independence, but there were 
several cases where more than one mutant cell colony per culture was isolated to account for 
offset losses due to senescence. In such cases a mutant clone was considered as independently 
derived if it was found to have a molecular change in HPRT that was clearly different from 
those in mutants derived from the same culture.  
All hTERT mutant clones were named after an arbitrary nomenclature starting from 
irradiated (0.6, 2 and 6-Gy) doses and unirradiated controls (K), number of the flask in which 
cell monolayers initially contained (i.e 1, 2, 3 etc.), the naming of the mutants from which 
petri dish they were isolated such as from a, b, c etc (cell contents in the flasks were seeded in 
several petri dishes for 6-TG selections) and if several mutant clones were isolated from the 
same dish, their designation was suffixed by roman numerals (i.e I, II, III, IV and V). 
 
 
3.4 Molecular Characterisation of HPRT Mutant Clones  
 
3.4.1 Genomic DNA embedded in Agarose Plugs and Cell Lyses  
 
Cells of each mutant sub clone grown to confluent monolayers were washed twice with a 
sufficient volume of phosphate buffer saline (PBS) and detached with EDTA-trypsin for 10 
min at 37°C. Detached cells were resuspended in MEM culture medium pre-warmed to 37°C 
in a water bath. Subsequently, cell densities were determined in a Neubauer cell counting 
chamber. Cell suspensions were spun down by centrifugation (Eppendorf) at 4°C and at 300 x 
g for 9 min. The supernatant was removed. Then one volume of PBS was added to each cell 
pellet and mixed well by repeated pipetting. Following addition of an equal volume of 1.4% 
low melting agarose (Type VII, Sigma) (final concentration of the plugs 0.7% dissolved), the 
mixture was cast into pre-cooled plug molds (Bio-rad) and kept at 4°C to allow the plugs to 
solidify. Depending on the used molds (40 µl, 80 µl), the cell concentrations of agarose plugs 
were 1.25 x 10
7
 or 0.625 x 10
7
 cells respectively. Plugs were then equilibrated in lysis 
solution at 4°C for 1 h to inhibit cellular nucleases and repair enzymes. Cell lysis was 
performed for 2-3 days at 50°C. The lysis solution contained 1 mg/ml Pronase E (Merck) and 
1% (w/v) sodium-lauroyl-sarcosin (Merck) in 0.5 M Na2EDTA (pH 8). After lysis, agarose 
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3.4.1.1 Restriction Digestion  
 
To obtain more information on fragment distribution of the 6-TG
r
 mutant sub clones at the 
mega base pair (Mbp) level, genomic DNA embedded gel plugs were digested using the 
commercially available restriction enzyme NotI (MBI Fermentas), which has an eight-base 
recognition sequence that includes CpG dinucleotides that occur very infrequently in 
mammalian DNA (Kinashi et al. 1995). Plugs were first washed 7 times, for at least 30 min 
each in 3-4 ml TE buffer (10 mM Tris-HCl; 1 mM Na2EDTA (pH 8)) at RT and then 
equilibrated in 200-250 µl (depending on the sizes of plugs) of restriction buffer provided by 
the manufacturer (MBI Fermentas) for 1 h. The subsequent digestion was performed at 37°C 
(at least 16 h, overnight) in an Eppendorf tube with the addition of 20-25 U of the NotI 
enzyme. The digestion was stopped by adding 35-40 µl of 0.5 M Na2EDTA (pH 8) and 
incubating the reaction for 30 min at 4°C.  
Preliminary experiments with different cell- and enzyme-concentrations showed that 
the conditions described were optimal for achieving complete DNA digestion since neither 
longer incubation times nor higher enzyme concentrations had any further effect on the DNA 
size distribution. The size of the DNA fragment cleaved by NotI for both human cell lines 
(MGH-U1 and 82-6 hTERT cells) was 2 Mbp. To maintain equal conditions for every mutant 
sample, a cocktail for several plugs was pre-prepared and aliquoted in each tube.  
 
 
3.4.1.2 Pulse Field Gel Electrophoresis (PFGE) 
 
Digested mutant genomic DNA was separated by pulse field gel electrophoresis which is the 
conventional method frequently used for the separation of large DNA molecules by periodic 
alteration of non-uniform electric fields. Later, Chu, Vollrath and Davis (Chu 1989) 
introduced an innovative modification of this method by applying the concept of contour-
clamped homogeneous electric fields (CHEF). By employing a fixed reorientation angle of 
120° and different pulse times, DNA molecules up to 10 Mbp in size can be separated by this 
modified method.  
 For examination of alteration in genomic DNA of isolated HPRT mutant clones, the 
above improved CHEF-PFGE was used in this study. NotI digested genomic DNA of 
independently grown HPRT mutant clones, wild type clones and standard DNA size markers 
such as Saccharomyces cerevisiae (Bio-rad), Schizosaccharomyces pombe (Bio-rad), and 
Hansenula wingei (Bio-rad) were loaded onto a 0.8% agarose (Pulsed-Field Certified- 
Agarose, Bio-rad) gel and subsequently the wells containing agarose plugs were well sealed 
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with low melting agarose (Type III, Sigma). Both agaroses were prepared in 0.5 x TBE 
buffer. The gel was submerged for at least 30 min in running 0.5 x TBE buffer (44.5 mM Tris, 
44.5 mM Boric acid, 1 mM Na2 EDTA (pH 8)). After equilibration, the electrophoresis was 
started with the CHEF-DR III-apparatus (Bio-rad, Hercules, CA) under a hexagonal array of 
24 electrodes, which produces a field with reorientation angles of 120°C. Digested genomic 
DNA loaded on gels were run at 14°C in 0.5 x TBE with linearly increasing pulse times from 
500 to 3000 s over 115 h at a field strength of 1.5 V/cm. The running buffer was recirculated 
through a pump-operated unit to keep the temperature constant and to avoid ion build-up at 
the electrodes.  
 Following electrophoretic separation, gels were stained overnight by submerging them 
in a staining bath (44.5 mM Tris, 44.5 mM Boric acid, 1 mM Na2 EDTA (pH 8), ethidium 
bromide 10 µg/µl) and then destained for at least 1 h in the same buffer without ethidium 
bromide. The stained gels were then excited with a UV transilluminator resulting in a 
fluorescence emission with a maximum at 302 nm. The fluorescence signals were detected by 
a charge-coupled device camera system. The information from the gel picture was then 
digitalised and transferred to a personal computer.  
 
 
3.4.1.3 DNA Transfer /Alkaline Vacuum Blotting  
 
After documentation the gel was used for Southern Blotting. For DNA transfer onto a 
positively charged nylon membrane, vacu-blotters (Biometra) were used. The porous screen 
of the blotter was soaked in deionised water and replaced on the buffer collecting container of 
the apparatus. A 3 to 4-mm blotting sheet of at least 900-cm
2
 was placed centrally on the top 
of the porous screen without air bubbles. 20.5 cm x 14 cm of Hybond-N nylon membrane 
(Hybond N
+
, Amersham Biosciences, Inc) was cut and moistened using deionised water and 
placed centrally on the blotting sheet. An appropriate rubber template was selected to cover 
the entire area of the vacu-blotter with the cross-sectional area of the gel carefully cut out to 
allow a 0.5-1.0 cm overlap at the gel periphery. This template was immersed in deionised 
water and placed on the top of the membrane, overlapping the periphery of the nylon 
membrane. The agarose gel was then placed on it ensuring that the gel-wells were on top of 
the template and the rest of the gel laid on the nylon membrane. The entire stack was then 
fixed with the plastic template of the apparatus. 
 The vacu-blotter was then connected to the vacuum pump and the pressure stabilised 
to 50 mbar. 100-200 ml of 0.25 N HCl were added to the middle of the gel. This partly 
depurinated the DNA of the loaded mutant clones. After 15-20 min all the excess HCl was 
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removed. After that the gel surface was washed with a sufficient volume of 0.5 N NaOH to 
neutralize the membrane, and the gel surface was again covered with 100-200 ml of 0.5 N 
NaOH for alkaline transfer and blotted for additional 90 min. During this time it was ensured 
that the membrane stayed covered with liquid. After blotting, the NaOH-solution was 
removed and the apparatus was then dismantled and the nylon membrane was placed in 400 
ml of 2 x SSC for 10 min. The upper DNA-containing side was labelled on the nylon 
membrane. The nylon membrane was then wrapped moist in polythene and kept at 4°C until 
used for Southern hybridisations. For long-term storage, the membrane in the polythene was 
wrapped in a foil envelope.  
 
 




The DNA probe D21S4 (pPw233F) (Watkins et al. 1985) hybridizes to a 2 Mbp NotI 
restriction fragment on the proximal part of the long arm of human chromosome 21 located in 
a Giemsa dark staining region (Gardiner et al. 1990; Ichikawa et al. 1992; Lobrich et al. 
2000). This DNA probe is 1.5 kbp long and was cloned into the EcoRI site of pBR328. The 
vector was propagated in Escherichia Coli strain LE392 (Rothkamm & Lobrich 1999). The 
other probe used for Southern analyses was DXS1327 (ATCC No.95474) that detects a 2 
Mbp NotI fragment in MGH-U1 cells and also a 2 Mbp NotI restriction fragment in hTERT- 
immortalised fibroblasts (82-6 hTERT cells). This probe was cloned in a vector pUC19 and 
propagated in Escherichia coli JM101 strain. The size of the insert was 850 bp and this was 
cleaved out with EcoRI /HindIII (Rothkamm & Lobrich 1999). This restriction fragment is 
located in a Giemsa light-staining region at Xq26, which also contains the hypoxanthine 
guanine phosphoribosyl transferase (HPRT) locus 250 kbp centromeric of the hybridisation 
site (Lippert et al. 1995; Lobrich et al. 1996; Rothkamm & Lobrich 1999).  
 Radioactive labelling was carried out using a commercially available labelling kit 
(Rediprime II, Amersham Biosciences). The DNA to be labelled was diluted to a 
concentration of 2.5 to 25 ng in 45 µl of TE buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA). 
Then the DNA was denatured in a screw-top tube by heating to 95-100°C for 5 min in a 
boiling water bath. After snap-cooling the DNA by placing it on ice for 5 min, it was spun 
down briefly by a micro-centrifuge to bring tube-content to the bottom. Then the denatured 





P] dCTP (> 222 TBq/mmol, Amersham Biosciences, Inc.) were added and 
mixed by pipetting up and down about 12 times. The DNA solution changed colour to purple 
when the blue pellet provided in the reaction tube has been completely dissolved and mixed 
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with the added Redivue. Following incubation at 37°C for 3 hours, unincoperated nucleotides 
were removed by spin column chromatography. Mobi spin S-200 from Mobi Tec, Göttingen 
were used. The tubes were first vortexed briefly before use to resuspend the resin. Then the 
cap was loosened and the bottom of the tube was snapped off. The spin-column was placed in 
an Eppendorf tube. The column was spun at 3700 rpm (1000 x g) for 1 min. Then the spin 
column was placed in a fresh Eppendorf and the labelled solution was added. These 
procedures were performed behind a protective shield (Amersham). The tube was spun for 2 
min at 3700 rpm. The flow-through contained radiolabelled probe which was kept in a lead 
protector at 4°C until use. The specific activity of the labelled probe varied between 2 and 4 x 
10
9
 dpm/µg.  
 
 
3.4.1.5 Southern Hybridisation  
 
To examine the alterations of mutant clones, genomic DNA transferred onto nylon 
membranes were serially Southern hybridised. Pre-hybridisation buffer mix (5 x SSPE (20 x 
SSPE containing 3 M NaCl, 0.2 M NaH2PO4; 20 mM Na2EDTA (pH 7.4)), 5 x Denhardt´s 
(50 x Denhardt´s containing 10 g/l Ficoll 400, 10 g/l Polyvinylpyrrolidone, 10 g/l BSA, 
“Fraction V”), 3% (w/v) SDS) was poured into glass-cylinders pre-warmed to 65°C. The 
membranes were trimmed using a sterile blade and subsequently soaked in 200 ml of 2 x SSC 
for 5 min. Then they were inserted into the cylinders in a way that transferred DNA of the 
membrane faced inside. To block unspecific binding sites on the membrane, 200 µg/ml of 
salmon sperm DNA was boiled in a screw-top tube for 5 min in a water bath and placed on 
ice prior to use. After 30 min of pre-hybridisation denatured salmon sperm DNA was added to 
the pre-hybridisation solution. This pre-hybridisation was continued for 4-5 h. Before use, the 
radioactive probe was boiled in a mini-water bath for 5 min and cooled down for 5 min on 
ice. The labelled probe was then added to the pre-hybridisation mix. They were then left to 
hybridise for nearly 12-16 h at 65°C. 
 After hybridisation, the membranes were washed in three steps at 65°C with 3 
different wash solutions containing SSPE and 0.1% SDS. The first wash consisting of 2 x 
SSPE /0.1% SDS was carried out 3 times, beginning with 5 min for the first wash followed by 
30 min for the next two washes. Here, the very first wash was discarded in a radio-safe sink 
(i.e designated for radioactive waste) while the others were collected in another collection 
gallon. The second solution contained 1 x SSPE /0.1% SDS and only 1 wash was carried out 
with the solution for 25 min. The third solution contained 1 mM EDTA /40 mM NaH2PO4 x 
H2O pH 7.2 /1% SDS and 2 washes for 30 min each were performed.  
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 The radioactivity of the membrane was measured using a Geiger counter several times 
until nearly background was reached and then it was blotted on tissue to remove excess fluid 
and placed within a thin plastic bag with three edges heat-sealed. Through the remaining open 
end, excess fluid was removed. The open end was sealed enclosing the membrane in an 
airtight close fitting plastic envelope. For radioactive exposition, hybridised membranes in 
envelopes were kept in sealed cassettes facing to imaging screens. After 3-4 days, imaging 
screens were read by a phospho-imaging system (Cyclone, Canbera Packard) with the 
assistance of a software programme.  
 Since two serial hybridisations were necessary for the analysis of the HPRT mutant 
clones, after each hybridisation, membranes were stripped using 0.4 M NaOH at 45°C 
followed by a wash for 30 min with a neutralisation solution (5 ml 0.1 M x SSC, 5 ml 0.1% 
SDS, 20 ml 0.2 M Tris-HCl pH 7.5) at RT. The first hybridisation for all membranes was 
carried out with the HPRT specific probe DXS1327, and the subsequent one was with the 
reference probe D21S4.  
 The Southern blot pictures were evaluated using a software programme (Optiq-
quantem). With the software programme used, the length from the well to the radioactive 
signal could be measured. These migration lengths were varied from mutant sample to 
sample. To classify the HPRT mutations and to account for running artefacts in a lane, the 
migration distance of the corresponding reference probe was compared to the migration 
distance of the HPRT-probe. In addition, the two different migration lengths of each mutant 
clone were compared with that of a wild type sample. A difference of 2-3 mm and more 
classified a clone as altered.  
 
 
3.4.2 Exon-Deletion Screening at HPRT Gene Locus  
 
3.4.2.1 Genomic DNA Extraction  
 
Genomic DNA from mutant sub clones was extracted using a commercially available 
molecular biological kit (QIAamp DNA Blood Mini Kit, Hilden Germany). Cell suspensions 
of 3 x 10
6
 cells were first spun down (Eppendorf) at 300 x g for 5 min to obtain cell pellets 
and then carefully washed with 200 µl PBS at RT to remove residual cell culture medium. 
After removing the supernatants, 20 µl of QIAGEN protease and 200 µl buffer AL (contains 
guanidine hydrochloride) were added to the tube. Following vortexing for 15s the cell 
suspension was incubated at 56°C for 10 min for cell lysis. DNA was then precipitated with 
200 µl of 96-100% ethanol. The total volume of 620 µl was pipetted into the provided 
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columns and subsequently spun down at 8000 rpm (Biofuge Pico Heraeus) for 1 min. The 
flow-through was discarded and set the column on a new cap (provided), 500 µl buffer AW1 
(contains guanidine hydrochloride) were added and centrifuged the column again at 8000 rpm 
for 1 min. The filtrate was discarded, 500 µl buffer AW2 was added, tubes were centrifuged 
at 14000 rpm for 3 min. AW1 and AW2 buffers significantly improve the purity of the eluted 
DNA. Wash conditions ensure complete removal of any residual contaminants without 
affecting DNA binding. The genomic DNA bound to the column material was retrieved in 
200 µl elution buffer AE (10 mM Tris-HCl, 0.5 mM EDTA; pH 9.0) by centrifugation at 8000 
rpm for 1 min. Eluted genomic DNA extractions were kept at -20°C for downstream PCR 
analyses. 
 DNA concentrations of genomic DNA isolated for PCR analyses were first measured 
photometrically to estimate the amount of template to be used for each PCR reaction. Eluted 
genomic DNA was diluted to 1:100 with ddH2O and, using a pre-cleaned crystal cuvette, 
measurements were taken as optical absorbance values at wavelengths of 260 and 280 nm 
with a spectral photometer (Amersham Pharmacia Biotech). DNA concentrations were 
determined as given below. To confirm the purity of the elutant, it was necessary to check 
whether the ratio between the absorbance values at λ 260 /λ 280 was nearly 1.8 (QIAGEN, 
Instruction manual). DNA concentration = λ 260 * Factor * 100, the factor for DNA 
concentration (µg/ml) is 50.  
 
 
3.4.2.2 Multiplex Polymerase Chain Reaction (M-PCR) 
 
Multiplex polymerase chain reaction (M-PCR) is a modification of the conventional standard 
PCR (Uniplex-PCR). In M-PCR, more than one target sequence can be amplified by 
including more than one pair of primers in a reaction. M-PCR has the potential to produce 
considerable savings of time and effort within the laboratory without compromising test 
utility. This has been successfully applied in many areas of nucleic acid diagnostics, including 
gene detection analysis (Chamberlain & Chamberlain 1994), mutation and polymorphism 
analysis (Shuber et al. 1993), quantitative analysis (Cirigliano et al. 2001), and RNA detection 
(Jin et al. 1996). Nevertheless, only a handful of publications discuss M-PCR (Chamberlain & 
Chamberlain 1994; Edwards & Gibbs 1994) so far, though a number of review and research 
articles have provided detailed descriptions of the key parameters that may influence the 
performance of standard single PCR (Cha & Thilly 1993; Robertson & Walsh-Weller 1998). 
However, the overall success of specific amplification in M-PCR reactions depend on the rate 
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Table 3.1. Primers (including the primers for exon 1) used for M-PCR to amplify targeted 
sequences at the human HPRT gene locus: From left to right: the exon number, 
oligonucleotide sequence, concentration of primer, sizes of PCR products and the positions of 
the primers according to a gene bank sequence of HPRT gene (M26434). In terms of the 
relevant exon-number, they have been classified considering the polarisation ends either 3´ 
(reverse) or 5´ (forward) directing forward and reverse primer oligonucleotides. Human exon 
have been abbreviated as hex here. 
 
Primer Sequence             Concentration      PCR product                Position 
                     µM        Size (bp)  (M26434) 
 
Genomic DNA, M-PCR 
 
hex 1.5  5´-TGGGACGTCTGGTCCAAGGATTCA-3´    0.2       636  1225-1248 
hex 1.3  5´-TGACGTAAAGCCGAACCGGGAAA-5´    0.2    1861-1837 
hex 2.5  5´-TGGGATTACACGTGTGAACCAACC-3´    0.4      572  14577-14601 
hex 2.3  5´-GACTCTGGCTAGAGTTCCTTCTTC-3´    0.4    15149-15126 
hex 3.5  5´-CCTTATGAAACATGAGGGCAAAGG-3´    0.32    1059  16252-16275 
hex 3.3  5´-TGTGACACAGGCAGACTGTGGATC-3´    0.32    17310-17287 
hex 4.5  5´-TAGCTAGCTAACTTCTCAAATCTTCTAG-3´ 0.5      334  27766-27793 
hex 4.3  5´-ATTAACCTAGACTGCTTCCAAGGG-3´    0.5    28099-28076 
hex 5.5  5´-GCGAAGTGAGGGTTTATGGTGAGA-3´    0.4      766  31073-31097 
hex 5.3  5´-GAGAGGTAGGAAGTATACCATTCC-3´     0.4    31839-31816 
hex 6.5  5´-GACAGTATTGCAGTTATACATGGGG-3´    0.2      441  34851-34875 
hex 6.3  5´-CCAAAATCCTCTGCCATG CTATTC-3´    0.2    35291-35268 
hex 7.5  5´-GATCGCTAGAGCCCAAGAAGTCAAG-3´   0.36      1533  38668-38692 
hex 8.3  5´-TATGAGGTGCTGGAAGGAGAAAAC-3´    0.36    40200-40176 
hex 9.5  5´-GAGGCAGAAGTCCCATGGATG TGT-3´    0.32           1278   40444-40468 
hex 9.3  5´-CCGCCCAAAGGGAACTGATAGTC-3´    0.32    41721-41699 
 
at which primers anneal to their target and the rate at which annealed primers are extended 
along the selected sequence during the early and late cycles of the amplification.  
 To elucidate consequences of radiation in the mutants, genomic DNA from HPRT-
deficient mutant clones was isolated (as described in 3.4.21) to screen for exon-level deletions 
(334 bp - 1533 bp) at the HPRT gene locus. Multiplex PCR was used to detect the presence 
and absence of specific exons (exons 2-9) of the HPRT locus. M-PCR reactions were 
optimised with two different Master Mixes: HotStarTaq Master Mix and QIAGEN Multiplex 
PCR Master Mix both from QIAGEN, Hilden, Germany. The PCR products were synthesized 
in two groups depending on product size. Short fragments amplifying exon 2, 4 and 6 and 
long fragments with regions in which exons 3, 5, 7 + 8 and 9 were amplified. Exons 7 and 8 
were co-amplified as a single PCR product. A pair of primers was designed covering both 
exons 7+8 in one PCR product because the two exons were only 163 bp apart (Park et al. 
1995). The primers were located in intronic regions enabling the synthesis of the targeted 
sequences without having spurious synthesis of non-specific signals. All primers except those 
for exon 1 were able to amplify the corresponding exons in the multiplex PCR reactions. 
Corresponding primer sequences (Oligonucleotides), sizes of amplified PCR products, the 
locations of target sequences on a Gene Bank sequence of the human HPRT gene (M26434) 
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and the concentrations of primers for PCR reactions are given in the Table 3.1. The primers 
starting with 3´end are the forward while that of with 5´ ends are the reverse primers. All the 
oligonucleotide primers were synthesized by Roth, Karlsruhe, Germany and provided 
lyophilized oligos were dissolved at RT in water and stock solutions were stored at -20°C. For 
PCR amplifications, they were thawed on ice and diluted to 10 pmol /µl using water supplied 
with the QIAGEN Kit. 
 For simultaneous amplification of the above mentioned two sets of targeted sequences, 
two Primer-Mixes were separately pre-prepared. To prepare primer Mixes, 10-25 pmol of 
each primer (see also Table 3.1) were pipetted into a Eppendorf tube on ice, water was added 
to give a final volume of 50 µl. The final concentration of each primer in the Mixes varied 
from 0.2-0.5 µM.  
For multiplex reactions, genomic DNA template (100-150 ng) was mixed with 2.5 µl 
of each Primer Mix in a total PCR volume of 25 µl consisting of 12.5 µl HotStarTaq Master 
Mix (5 U HotStarTaq DNA polymerase, 2 x PCR Buffer containing 3 mM MgCl2 and 400 
µM of each dNTP) and the rest with water. To enhance the formation of short fragments, Q-
solution (supplied with Kit) was added (2.5 µl for a total reaction volume of 25 µl) to the 
reactions with Mix I. To maintain the specificity of all these amplifications, a cocktail of all 
the PCR components but without the corresponding templates were mixed before and pipetted 
into the reaction tubes. As a last step, templates were added to each tube. A positive control 
with wild type genomic DNA and a template free negative control were run in each set of 
PCR. The thermocycle programme was as follows: thermal cycling was started with an initial 
denaturation at 95°C for 15 min to activate the HotStartTaq polymerase followed by 33 cycles 
with each cycle consisting of (a) denaturation at 94°C for 30s (b) annealing at 55-60 °C for 
90s and (c) extension at 72°C for 90s. After the last cycle a 10-min extension was performed 
at 72°C.  
 10-15 µl of the PCR product was used for analysis on a 1.5% agarose gel. A 100 bp 
plus DNA ladder (MBI Fermentas, dissolved in 10 mM Tris-HCl /pH 7.6, 10 mM EDTA 
0.015% bromophenol blue, 0.015% xylene cyanol FF & 10% Glycerol) was used as a 
molecular weight marker. If genomic DNA of any particular mutant clone failed to give 
reliable results, multiplex PCR for the mutant clone was repeated several times with changing 
primer concentrations, amount of template and other parameters according to a standard PCR 
trouble shooting protocol. If the results obtained remained unchanged, the mutant clones were 
then subjected to single PCR amplifications as described in detail in 3.4.2.4. 
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3.4.2.3 Uniplex /Standard Polymerase Chain Reaction (Single-PCR) 
 
Single PCRs were carried out to amplify specifically exon 1 and the other exons when 
desired. It was difficult to include exon 1 primers with the remaining set of primers without 
having spurious amplification of non-specific products. However, a plausible explanation for  
the failure of exon 1 amplification in the multiplex PCR could be that the primers of exon 1 
may form primer-dimers (Brownie et al. 1997), leaving an insufficient concentration of 
primer molecules to anneal to the template. This problem has already been reported in several 
other protocols (Park et al. 1995; Yamada et al. 1996). 
 Amplification of exon 1 (636 bp) of all the mutant clones in this study was performed 
successfully with HotStartTaq DNA polymerase (QIAGEN). For the amplification, genomic 
DNA template (250 ng) was mixed with 20-30 pmol of each primer, 0.2 mM dNTPs (MBI, 
Fermentas), 1-2.5 U of HotStarTaq polymerase, 1x PCR buffer (Tris-HCl, KCl, (NH4)2 SO4, 
1.5 mM MgCl2, pH 8.7 at 20°C), 1x Q-solution and water (QIAGEN) to give a final volume 
of 50 µl. After the initial activation of HotStarTaq polymerase at 95°C for 15 min, a total of 
33 PCR cycles were performed in which each cycle consisted of (a) denaturation at 94°C for 
60s (b) annealing at 60°C for 60s and (c) extension at 72°C for 60s. The last cycle was 
followed by a 10 min extension at 72°C. Oligonucleotides relevant to exon 1 are listed in 
Table 3.1. PCR products of exon 1 were electrophoretically separated and the size of the 
obtained PCR products were compared with DNA makers. If a mutant failed to give a PCR 
product, repeated amplifications were performed. 
 The other single amplifications (exons 2-9) were performed either with HotStarTaq 
polymerase for exon 1 or with QIAGEN Multiplex Master Mix. 25-50 µl reaction volume 
contained 125-250 ng genomic DNA, 0.2 mM dNTPS (MBI, Fermentas), 1-2.5U HotStarTaq 
polymerase, 1x PCR buffer (Tris-HCl, KCl, (NH4)2SO4, 1.5 mM MgCl2, pH 8.7 at 20°C), 1x 
Q-solution (if necessary), 10-20 pmol of each primer. Thermal cycling began with an initial 
activation as described before followed by 30-33 thermo-cycles consisting of (a) denaturation  
at 94°C for 60s, (b) annealing at 55-60°C for 30-60s, (c) extension at 72°C for 60s and 
terminating with a 10-min extension step at 72°C. For analysis, aliquots of the synthesized 
PCR products were electrophoresed in an ethidium bromide containing 1.5% agarose gel and 
sizes of bands were compared with DNA markers.  
 Three single PCRs were performed to analyse specific regions of three selected mutant 
clones (Table 3.2). Two of these mutants (6/7aI and 2/10d) showed inter-chromosomal 
translocations in FISH analyses while the remaining mutant clone (6/10e) failed to give the 
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Table 3.2. Primers used for single-PCRs to amplify desired sequences at the human HPRT 
gene locus of three selected HPRT mutant clones (6/7aI, 2/10d and 6/10e): From left to right 
oligonucleotide sequence of forward (F) and reverse (R) primers, primer concentration, sizes 
of PCR products, corresponding annealing temperatures and the positions of the primers on a 
Gene Bank sequence (M262434) of the HPRT gene. Directions of all the primers are given as 
5´->3´ and names of respective mutant clones are given in bold. 
 
  
Primer Sequence                                                          Concentration   PCR product    Annealing      Location 
              µM            Size (bp)           T °C              (M26434) 
 




F 5´-CCT TAT GAA ACA TGA GGG CAA AGG-3´    0.5    620           60               16252-16275 
R 5´-GCA AGT ATG GTT TGC AGA GAT TC-3´    0.5               16871-16849 
F 5´-GAT AGA TCC ATT CCT ATG ACT GTA G-3´     0.5   575           60           17736-17760 




F 5´-GAT CGC TAG AGC CCA AGA AGT CAA G-3´  0.5    586           62           38668-38692 
R 5´-CTA CAG GCA CCC GCC AGC ACT-3´   0.5               39253-39232 
F 5´-CTT ACG CCT GTC ATT TCA GCA CT-3´   0.5    617           60           39105-39128 
R 5´-TCC GTG CTG AGT GTA CCA TGG T-3´   0.5               39722-39701 
F 5´-GTC TGT AGT GTC AAC TCATTG CTG C-3´   0.5    592           60           39609-39633 
R 5´-TAT GAG GTG CTG GAA GGA GAA AAC-5´   0.5               40200-40177 
 
Mutant clone  
6/10e 
F 5´-ATT ATG ATT CTT TTT AGT TGT TGG ATT T-3´ 0.5 184           60             40017-40044 
R 5´-TAT GAG GTG CTG GAA GGA GAA AAC-5´   0.5              40200-40177 
F 5´-GTC TGT AGT GTC AAC TCATTG CTG C-3´   0.5 592           60          39609-39633 
R 5´-TAT GAG GTG CTG GAA GGA GAA AAC-5´   0.5               40200-40177 
 
 
sequence complementary to exon 8 after sequencing of cDNA. Corresponding PCRs were 
carried out as described in 3.4.2.3.  
 
 
3.4.2.4 Agarose Gel Electrophoresis  
 
Agarose gel electrophoresis was performed in a horizontal configuration with the gel 
submerged in the electrophoresis buffer (submarine gel). Standard gels were prepared on 
plastic gel forms, which were preset with a 10-15 tooth comb. The agarose (100 ml 0.5 x TBE 
buffer + agarose 1.5 g or 1.7 g) was melted in a microwave oven or on a hot plate and the 
evaporated volume of water was added back to the solution to maintain the ionic strength. 8-
10 µl of ethidium bromide (10 µg/ml) were added after the mixture had cooled, and mixed 
gently into the agarose, to prevent air bubbles. The gel was poured slowly and any bubbles in 
the solution were removed. The gel was allowed to solidify for 30-40 min. The gels could be 
stored wrapped in plastic-wrap at 4°C. 
3 MATERIALS & METHODS 
 
 48 
 To prevent contamination of samples from run-over from a neighbouring well, 
samples were loaded on the gel with a free well between each sample. DNA ladder markers 
(6-8 µl) were pipetted either into the terminal or the middle wells. After loading samples, the 
gels were run at 80-100V and 35mA (usually 45 to 90 min) until the bromophenol-blue 
loading buffer dye front reached the base of the gel or the second row of wells. The gel was 
then visualised under UV light and photographed. When the electrophoresis results showed 
unclear band distribution, the samples were analysed on a 1.7% agarose. 
 
 
3.4.3 RNA Isolation and Analysis of HPRT-mRNA -Transcripts 
 
3.4.3.1 Total RNA Isolation  
 
Total RNA isolation was carried out by using a commercially available molecular biological 
kit (RNeasy Mini Kit, QIAGEN). With the RNeasy procedure, all RNA molecules longer than 
200 nucleotides can be isolated. A specialized high-salt buffer system allows up to 100 µg of 
RNA to bind to the RNeasy silica-gel membrane. Cell suspensions are first lysed and 
homogenised in the presence of a highly denaturing guanidine isothiocyanate-containing 
buffer, which immediately inactivates RNAses to ensure the isolation of intact RNA. Ethanol 
is then added to provide appropriate binding conditions, and the sample is then applied to an 
RNeasy mini column where the total RNA binds to the membrane and contaminants are 
efficiently washed away. High quality RNA is then eluted in 30-50 µl of RNAse free water 
provided. 
 The cells of 6-TG
r
 mutant clones that were grown to confluence were prepared 
following trypsination and diluting in culture medium. More than 3-4 million cells were used 
for total RNA isolation according to the instruction manual. Suspended cells were first 
centrifuged for 5 min at 300 x g and pellets were subsequently rinsed with 200 µl ml PBS (at 
RT) to remove cell culture medium. After addition of 350 µl of RLT lysis buffer containing 
guanidine isothiocyanate, the cell lysate was homogenized by passing through a sterile needle 
(with a diameter of 0.9 mm) at least 5-10 times. In this manner, high molecular weight DNA 
can be sheared and β-mercaptoethanol, a component of the RLT buffer facilitates proper 
disruption. After disruption and homogenisation, 350 µl of 70% ethanol were added to the cell 
lysates to create optimal conditions for selective binding of RNA to the RNeasy silica-gel 
membrane. The RNeasy column was placed on a 2 ml collection tube and 700 µl composition 
were added. The tube was then centrifuged at 8000 x g for 15s. The flow through was 
discarded and the RNeasy column placed back in the tube. Then 700 µl RW1 buffer 
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composition (wash buffer) were added to the column and centrifuged for 15 s at 8000 x g. 
After transferring the RNeasy column to a new collection tube, 500 µl of RPE buffer (wash 
buffer) were pipetted on the RNeasy column and centrifuged for 15 seconds at 8000 x g to 
wash the column. The filtrate was discarded and another 500 µl of RPE buffer were added 
and centrifuged for 2 min at 8000 g to dry the RNeasy silica-gel membrane. In case of 
incomplete drying, this step was repeated once for 1 min at the same g value. After that, to 
elute the RNA bound to the silica membranes, RNeasy column was transferred to a 1.5 ml 
collection tube. After pipetting 50 µl of the provided RNAse free water onto the membrane , 
the column was centrifuged for 1 min at 8000 x g. The eluted RNA from each mutant was 
kept at -20°C for downstream PCR applications. 
 The concentrations of individual mutant total RNA from each mutant clone were 
determined by measuring the optical density absorbance at 260 nm (λ260) and 280 nm (λ280) in 
a spectral photometer. In order to measure the values, RNA samples were diluted to 1:100 by 
using RNase free water for analysis in a quartz cuvette that was pre-cleaned several times 
with a solution of methanol + concentrated HCl (v/v; 1:1). Photometric values were taken and 
concentrations were calculated as given below (RNA concentration = λ 260 * Factor * 100; 
factor for RNA concentration (µg/ml) is 40). The ratio of readings at 260 nm and 280 nm (λ260 
/λ280) provided an estimate of the purity of RNA with respect to contaminants that absorb in 
the UV range, such as protein.  
 
 
3.4.3.2 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) 
 
First-strand cDNA analysis was carried out using 50 ng to 2 µg of total RNA from the mutant 
clones with the commercially available Omniscript
TM
 Reverse Transcriptase Kit (QIAGEN, 
Hilden, Germany). The reverse transcriptase transcribed the mRNA of mutant clones with an 
oligo-dT primer (Roth, Karlsruhe, Germany) that consisted of 12 nucleotides. The reverse 
transcriptase used here was a multi-functional enzyme with three distinct enzymatic activities: 
an RNA-dependent DNA polymerase, a hybrid-dependent exoribonuclease (RNase H), and a  
DNA-dependent DNA polymerase. The RNA-dependent DNA-polymerase activity 
transcribes complementary DNA (cDNA) from an RNA template, whereas RNase H of the  
Omniscript
TM
 reverse transcriptase specifically degrades only the RNA in RNA:DNA 
hybrids.  
 





According to the instructions provided by the manufacturer, a RT reaction volume of 
20 µl containing of 2 µl 10-x buffer composition RT, 2 µl oligo d (T)12 primer (10 µM) 2 µl 
dNTPs (5 mM each d NTP), 1 µl Omniscript
TM
 Reverse Transcriptase (4 Units) and isolated 
mutant RNA was prepared in a 0.5 µl-tubes on ice. The reverse transcription reaction was 
incubated for 1h at 37°C in the thermo cycler (Biometra) and stopped at 93°C for 5 min. As a 
control, wild type cDNA was synthesized in each reverse transcription-run of new cDNA 
synthesis. If no cDNA was present, the syntheses were repeated once using increased amounts 
of templates and the reaction constituents were placed on ice during mixture preparations and 
pipetting. For long-term storage, the tubes containing synthesized cDNA were preserved at -
20° C. 
 PCR was used to amplify HPRT expression products from cDNA in a total reaction 
volume of 25 µl, which contained 12.5 µl QIAGEN Multiplex Master Mix, 2.5 µl of cDNA,  
1-1.25 µl of each primer (0.4-0.5 µM), 1x Q-solution (if necessary). Cycling began with an 
initial activation step of 15 min at 95°C and followed by 33-35 cycles each consisting of (a) 
denaturation for 30s at 94°C (b) annealing temperature for 90s at 55-56°C (c) extension for 
90s at 72°C and after the last cycle was finished with 10-min extension at 72°C. The primary 
PCR product (761 bp) was reconfirmed by a nested PCR that was run with an inner primer set 
        1 tcttgctgcg cctccgcctcctcctctgct ccgccaccggcttcctcctcctgagcagtc 
 
       61 agcccgcgcg ccggccggct ccgttatggc gacccgcagc cctggcgtcg tgattagtga 
      121 tgatgaacca ggttatgacc ttgatttatt ttgcatacct aatcattatg ctgaggattt 
      181 ggaaagggtg tttattcctc atggactaat tatggacagg actgaacgtc ttgctcgaga 
      241 tgtgatgaag gagatgggag gccatcacat tgtagccctc tgtgtgctca aggggggcta 
      301 taaattcttt gctgacctgc tggattacat caaagcactg aatagaaata gtgatagatc 
      361 cattcctatg actgtagatt ttatcagact gaagagctat tgtaatgacc agtcaacagg 
      421 ggacataaaa gtaattggtg gagatgatct ctcaacttta actggaaaga atgtcttgat 
      481 tgtggaagat ataattgaca ctggcaaaac aatgcagact ttgctttcct tggtcaggca 
      541 gtataatcca aagatggtca aggtcgcaag cttgctggtg aaaaggaccc cacgaagtgt 
      601 tggatataag ccagactttg ttggatttga aattccagac aagtttgttg taggatatgc 
      661 ccttgactat aatgaatact tcagggattt gaatcatgtt tgtgtcatta gtgaaactgg 
      721 aaaagcaaaa tacaaagcct aagatgagag ttcaagttga gtttggaaacatctggagtc 
 
      781 ctattgacat cgccagtaaa attatcaatg ttctagttct gtggccatct gcttagtaga 
      841 gctttttgca tgtatcttct aagaatttta tctgttttgt actttagaaa tgtcagttgc 
      901 tgcattccta aactgtttat ttgcactatg agcctataga ctatcagttc cctttgggcg 
      961 gattgttgtt taacttgtaa atgaaaaaat tctcttaaac cacagcacta ttgagtgaaa 
     1021 cattgaactc atatctgtaa gaaataaaga gaagatatat tagtttttta attggtattt 
     1081 taatttttat atatgcagga aagaatagaa gtgattgaat attgttaatt ataccaccgt 
     1141 gtgttagaaa agtaagaagc agtcaatttt cacatcaaag acagcatcta agaagttttg 
     1201 ttctgtcctg gaattatttt agtagtgttt cagtaatgtt gactgtattt tccaacttgt 
     1261 tcaaattatt accagtgaat ctttgtcagc agttcccttt taaatgcaaa tcaataaatt 
     1321 cccaaaaatt t 
 
Figure 3.2. Gene bank sequence of the human HPRT cDNA (NM_000194) showing the locations of the 
primers for RT-PCR: Right pointed arrows indicate the locations of forward primers, while left pointed  arrows 
show the starting locations of reverse primers. Blue arrows indicate the primer-start locations of first PCR 
product of 761 bp; red arrows show the primer-start locations for nested PCR product of 737 bp; the underlined 
are the primer sequences including overlapping regions. 
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using 1-2 µl of primary PCR product. Primers used for these amplifications were as follows: 
primary PCR product with forward primer 5´-CCT CCT CTG CTCCGCCACCG-3´ and 
reverse primer 5´-GACTCC AGA TGT TTC CAAAC-3´ while the second was nested PCR 
amplified with a forward primer of 5´-CCA CCG GCT TCC TCC TCC TGA-3´ and a reverse 
primer of 5´-GTT TCC AAA CTC AAC TTG AAT TCT CAT C-3´. The positions of the 
primers in HPRT cDNA is depicted in Figure 3.2. These pairs of primers were used in 
previous reports (Horikawa et al. 2002). PCR products were analysed by 1.5% agarose gel 
electrophoresis and ethidium bromide staining. 
 
 
3.4.4 DNA Sequencing of cDNA Products of Mutant Clones 
 
A limited number of samples which gave RT-PCR products was sent out to get DNA 
sequenced. Purification of PCR products and the DNA sequencing of both DNA strands of 
each mutant were carried out by the Medigenomix GmbH, Martinsried, Germany and 
QIAGEN, Hilden, Germany. These mutant clones belong to one of the mutation induction 
experiments performed using immortalised human fibroblasts. There were 10 samples 
including wild type as a control and both 2-Gy and 6-Gy induced mutant clones. Sequenced 
samples were K/28a, K/40f (spontaneous mutant clones) 2/15b, 2/14eI, 2/14eII, 2/11d, 2/16cII 
(2-Gy mutant clones), 6/10e, 6/20cII (6-Gy mutant clones) and wild type. Detailed mutation 
signatures of these mutant clones are given in Table 8.1. Mutations on sequenced data were 
assessed comparing the sequences of each mutant clone with gene bank sequence 
NM_000194 using a software programme BioEdit version 5.0.6. 
 
 
3.5 Categories of Mutations  
 
Mutant clones were divided into several categories according to the method used for their 
analysis. In M-PCR analysis, “Total deletion (TD)” mutant clones include mutants for which 
no representative exon fragment was synthesized. “Partial deletion (PD)” mutants consist of 
either intragenic or end deletions at the HPRT gene locus. Intragenic deletion mutants contain 
two break points within the HPRT gene, whereas end-deletion mutants have only one break 
point within the HPRT gene. Mutants with “Normal pattern (WT)” represent those which 
contain all exon PCR products of desired sizes. These mutants could have transitions, 
transversions, frameshifts or small deletions, which would not be detected by PCR. In NotI 
restricted Southern hybridisation analyses, radioactive signals registered on blots were 
compared to those of respective wild type signals and were then grouped into altered (small or 
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large) when deviations were more than 3 mm compared to WT or unaltered (normal) or no 
signals where no banding pattern could be observed in the lanes of the corresponding blots. 
Similarly, in RT-PCR, mutants were divided into two groups: mutants that retained a PCR 
product were scored as positive and the others as negative. 
 
 
3.6 Fluorescent in situ Hybridisation (FISH) 
 
The method of in situ hybridisation also called chromosome painting was used to identify the 
chromosomal location of a specific DNA or RNA probe. The theory is the same as for 
Southern hybridisation, except that the DNA to which the probe will hybridise is the actual 
chromosome. The probe was labelled with a fluorescent dye. It was then added to a 
chromosomal preparation from the species of interest. After a sufficient time for annealing, 
the chromosomes were viewed using a fluorescent microscope. The probe will hybridise to 
the chromosome carrying the sequence of interest. If the species has been characterized 
cytogenetically, the marker can be assigned to the appropriate chromosome. Because this 
technique uses a fluorescent probe it is called fluorescent in situ hybridisation or FISH. 
Several additional technical steps increase the utility of the FISH technique. If FISH was 
coupled with chromosome banding, the probe can be localized to a specific band of the 
chromosome. Chromosomes can also be characterized simultaneously with two probes, each 
labelled with a different label. This permits the ordering to any two probes on a specific 
chromosome. In this manner, physical linkages can be determined using FISH.  
 In the current study, an X-chromosome specific probe was used to detect inter 
chromosomal aberrations such as reciprocal or non-reciprocal translocations between X 
chromosome and the autosomes of radiation-induced and spontaneously arising HPRT mutant 
clones. Chromosome painting probes for chromosome 1 (green), 2 (yellow) and X (red) 
(MetaSystems, Altlussheim, Germany) were used by Dr. Salam A. Warda to hybridise 
metaphase spreads of mutant clones. Hybridised metaphase-spreads were examined with a 







4 Results  
 
 
4.1 Human Bladder Carcinoma Cells-MGH-U1 
 
4.1.1 Cell Survival Colony-Forming Assay 
 
Radiation-induced cell survival was examined in a human bladder carcinoma cell line and 
measured by a cell colony-forming assay. Crystal violet stained cell colonies were scored 
from survival experiments in which cells were seeded and incubated in plastic dishes for 12-
16 days. Only dishes that contained at least 50 colonies were counted for the assessment (a 
colony consisted of at least 50-100 cells). Confluent cells were irradiated with X-rays as 
described in Materials and Methods. In comparison, untreated control cells were held in the 
same conditions. The doses administered for these experiments were 1, 2, 4 and 6-Gy. Three 







Figure 4.1. Cell survival of MGH-U1 
tumour cells as a function of dose of 
X-rays in the presence or absence of 
20 µM wortmannin (WM). Since 
wortmannin is dissolved in DMSO, 
control cells were treated with 0.1% 
of DMSO. Confluent cultures were 
treated with wortmannin 2 h prior to 
X-irradiation and both treated and 
untreated groups of cells were 
incubated for 16 h before plating them 
for colony formation. Each dose point 
represents the mean of three 
determinations (n = 3). 
 
To investigate the effect of radiation on cell survival in the absence of a significant 
repair mechanism, the tumour cells grown to confluence were treated with wortmannin 2 h 
prior to irradiation. Wortmannin is an enzymatic inhibitor (PI-Kinase family) also for non-
homologous end-joining which is the predominant repair pathway of mammalian cells. Cell 
monolayers were irradiated with acute doses. Irradiated cells were then incubated for 16 h. 
After removing the wortmannin-containing culture medium, both untreated control and 
wortmannin treated cell cultures were plated for the colony-forming assay.  
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In Figure 4.1, survival curves of MGH-U1 cells in the presence and the absence of 
wortmannin are shown. Cell survival without wortmannin treatment reveals a characteristic 
shouldered response while the survival results of wortmannin-treated cultures are consistent 
with previous reports (Chernikova et al. 2001; Delacote et al. 2002) indicating that 
wortmannin is a potent radiosensitizer. A concentration of 20 µM was chosen because at this 
level wortmannin displays minimal cytotoxcity (Rosenzweig et al. 1997 and own 
observation). Since wortmannin is dissolved in DMSO, controls were also treated with the 
same solvent.  
To avoid cytotoxcity a minimal concentration of DMSO (< 0.1%) was added to the 
cell cultures 2 h prior to irradiations. Surviving fractions of cells exposed to wortmannin 
combined with X-irradiation are compared with those of cells that were only exposed to X-
irradiation in the presence of DMSO. For cells treated with wortmannin + 2-Gy X-rays and 
for cells treated with DMSO + 6-Gy X- rays, a cell survival level of 10 % could be observed.  
 
 
4.1.2 Isolation of Independent HPRT Mutant Clones 
 
To analyse the nature of mutations at the HPRT gene locus, confluent monolayers of MGH-
U1 cells were exposed to single doses of 2 and 6-Gy X-rays. Parallel control cells were 
unexposed but held under the same conditions during the entire experimental procedures. 
Isolations were made from two mutation experiments though a total number of three 
was carried out with the tumour cell line. The first experiment (Exp I) comprised unirradiated 
controls and cells exposed to 6-Gy X-rays. Mutation induction and selection of HPRT-
deficient mutants were performed as described in detail under Materials and Methods. Mutant 
clones arising after 14-16 days were isolated as a colony per dish and the resistance to 6-
thioguanine further confirmed by expanding them first in selective medium containing 6-
thioguanine and then in 6-thioguanine free culture medium. After the isolation of mutant 
clones, all culture dishes were stained with crystal violet to determine mutation frequencies. 
From cultures of independently grown mutant clones, aliquots were used for cryopreservation, 
DNA isolations and further molecular analyses. All mutant clones varied widely in their 
growth capacity, and clonal expansion after isolation was extremely poor. 18 spontaneously 
arising mutant clones and 9 x 6-Gy induced mutant clones could be recovered for molecular 
analyses such as PFGE coupled NotI restriction fragment analysis, multiplex PCR and FISH. 
The values in plating efficiency tests (88% for 0-Gy and 10% for 6-Gy) that were carried out 
parallel to mutation induction experiments were considered in assessing the corresponding 
mutation frequencies for each treatment group.  
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Table 4.1. Mutation Frequencies of 6-TG
r
 HPRT MGH-U1 mutant clones depending on the 
parameters chosen; values are number of mutants per million survivors.  
 
Experiment I   Experiment II    Experiment II  
X-rays    X-rays  + DMSO  X-rays + wortmannin 
 
0-Gy: 5.9a   0-Gy: 0.9a   0-Gy: 1.1a 
6-Gy: 63a   6-Gy: 16.5a   2-Gy : 2.6a 
 
a HPRT mutant clones were isolated from these samples. 
 
The parameters chosen for other two experiments were different from the first. Cells grown to 
confluence in four 75-cm
2 
culture flasks were taken for each experiment. Two of these were 
exposed to X-rays while the remaining two were used as controls (wortmannin + 0-Gy and 
DMSO + 0-Gy). 2 h prior to X-irradiation, two cultures were treated with wortmannin and the 
other two were treated with DMSO (< 0.1% DMSO). Two cultures were then exposed to X-
irradiation so that a wortmannin-treated culture was irradiated with 2-Gy and a DMSO-treated 
culture with a dose of 6-Gy. 6-TG
r
 HPRT mutant colonies of the experiment (Exp II) were 
isolated from each group. 
After 14-16 days incubation, 6-thioguanine resistant mutant cell colonies were isolated 
and expanded. From independently grown mutant clone cultures, cells were taken for 
genomic DNA isolations, frozen stocks and FISH analyses. Similar to the previous 
experiment, the mutant clones varied widely in their growth capacity leaving 13 x 
spontaneously arisen, 9 x 2-Gy combined with wortmannin treatment and 9 x 6-Gy (without 
wortmannin) mutant clones. The third experiment (Exp III) was performed using the same 
protocol in order to increase the number of 6-TG
r
 mutants but the mutation frequencies were 
relatively varied from the first two experiments and therefore mutants were not subjected to 
further analysis.  
Table 4.1 summarizes the mutation data collected on all HPRT mutant cell clones 
isolated from both experiments. Mutation induction frequencies for HPRT gene inactivation, 
as measured by 6-thioguanine resistance, were corrected for corresponding plating 
efficiencies of non-irradiated and irradiated cells and are given as the numbers of mutants per 
million of cell survivors. These data indicate that irradiation of MGH-U1 cells with 6-Gy of 
X-rays has reduced the relative cloning efficiency (survival) to 10% (see Figure. 4.1) and 
resulted in at least a 10-fold increase in HPRT gene mutation above background levels for 
both mutation experiments. The mutation frequency for cells that were exposed to 2-Gy in the 
presence of wortmannin was 2.5-fold higher than the corresponding background level 
(unirradiated cells treated with wortmannin).  
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4.1.3 NotI Digested Restriction Fragment Analysis  
 
HPRT mutations were investigated at the Mbp level by Southern hybridisation. All mutant 
clones isolated were used for the analysis. Genomic DNA embedded in agarose-plugs was 
cleaved with the rare-cutting restriction enzyme NotI and separated by pulse field gel 
electrophoresis (PFGE). The approximate number of cells embedded in an agarose plug was 
roughly 6 x 10
5
.  
Following UV imaging, the gel was transferred onto a nylon membrane and later 
hybridised with two different radioactive probes. The first α-
32
P dCTP labelled radioactive 
probe was DXS1327, which hybridises to a 2 Mbp NotI fragment in MGH-U1 cells. A 
schematised diagram of the HPRT gene showing the binding site of the hybridisation probe 
and the HPRT exons are given in Figure 4.2. The HPRT gene locus lies on the restriction 
fragment and the hybridisation binding site is 200 kb telomeric to the gene on the NotI 
restriction fragment. The second was the D21S4 probe, which served as the reference to the 
first and detects a 2 Mbp restriction fragment located on the proximal part of the long arm of 
human chromosome 21.  
A representative diagram including the UV picture, DXS1327 hybridisation and 
D21S4 as a reference is illustrated in Figure 4.3. Genomic DNA from Saccharomyces 
cerevisiae (Sc), Schizosaccharomyces pombe (Sp) and Hansenula wingei (Hw) were used as 
DNA molecular size markers. On Southern blots, migration lengths were sorted into 4 
categories. These four categories were large (> 2 Mbp), small (< 2 Mbp) and normal (2 Mbp), 
and the combination of two bands (i.e small and normal or large and small). The migration 
length which was at least 3 mm larger or smaller than 2 Mbp was grouped as aberrant bands. 
Mutant clones that gave no radioactive signals with HPRT specific probe were grouped as “no 
signals”. All samples with no signals were detected with the reference probe D21S4. 
Summarised data of all the analytical methods are tabulated in the Table 4.2. 
Figure 4.2. Schematic diagram of human HPRT gene locus viewing single copy probe binding site and the 








Figure 4.3. Representative picture of restriction fragment migration patterns of 12 HPRT mutant clones in 
MGH-U1 cells. Genomic DNA samples were digested with a rare-cutting restriction enzyme, NotI and the 
restriction fragments were separated in a 0.8% agarose gel by pulse field gel electrophoresis (PFGE). 
Following exposure to UV light (302 nm), the fragments were transfered to a nylon membrane. The 
membrane was hybridised to a radioactive marker specific to the HPRT gene region. After stripping the 
membrane, it was re-hybridised with D21S4, which served as a reference. Genomic DNA of Saccharomyces 
cerevisiae (Sc), Schizosaccharomyces pombe (Sp) and Hansenula wingei (Hw) was used as DNA molecular 
size markers and are displayed on the last three lanes of EtBr-stained gel. Upper panel: UV-photograph of 
EtBr-stained gel; Middle panel: Southern blot picture with DXS1327 probe (binding site is 200 kbp telomeric 
of the HPRT gene) detects to a 2 Mbp fragment, which also contains the HPRT gene. Lower Panel: Southern 
blot picture with D21S4 probe which hybridises to a 2 Mbp fragment located on longer arm of chromosome 
21 and this serves as a reference; Lanes 1-5: spontaneously arising mutants; Lane 6: 6-Gy mutant; Lanes 7-11: 
spontaneously arising mutants; Lane 12: genomic DNA of wild type MGH-U1 cells as a positive control. 
Restriction band alterations of independently grown HPRT mutant clones can be observed in the middle panel 
while constant migration lengths (2 Mbp) are seen in the lower panel where the D21S4 probe served as a 
reference. Complete digestions of samples can be noted in EtBr-stained UV picture.  
 
The results of the restriction fragment analysis:  
From a total number of 31 spontaneously arising mutant clones: 2 x normal bands; 18 x large 
bands; 1 x small band; 3 x large /large bands; 2 x large /small bands (these mutants with 
double bands were later removed from the data set) and 5 x gave no signal. 
Among 18 x 6-Gy mutant clones, the results were as follows: 2 x normal bands; 7 x large 
restriction bands; 2 x small bands; 4 x no signal and 3 mutant clones with double bands (2 x 
large /normal and 1 x large /small) which were later removed from the data set. Additionally, 
9 x 2-Gy + wortmannin mutant clones: 5 x large bands; 2 x small bands; 1 x large /normal; 1 
x large/large band. The latter two mutant clones with double bands were not included to the 
final data set.  
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4.1.4 Multiplex PCR-based HPRT Exon-Deletion Analysis  
The genomic DNA from each of the 58 mutant clones was analysed at the HPRT gene locus 
by multiplex PCR to screen for exon-deletions. It was time saving to amplify a couple of 
exons as a multiplex-product rather than synthesizing all exons as single fragments in separate 
PCR reaction volumes. For each mutant genomic DNA, all 9 exons were amplified in three 
different reaction volumes: Exons 2, 4, and 6 as triplex-products; exons 3, 5, 9 and 7/8 as 
tetraplex-products and exon 1 as a single product. Since exons 7 and 8 are only 163 bp apart 
these two were amplified as a single fragment.  
To guarantee the accuracy of PCR results, the mutants that gave unclear products were 
repeated. PCR results, in every reaction was compared with a positive control using wild type 
genomic DNA and a negative control with template-free reaction volume. The apparent sizes 
of fragments amplified ranged from 331(exon 4)-to 1533 bp (exon 7/8). Figure 4.4 shows the 
representative panels of various mutations analysed by multiplex and single PCR. The 
resolution of electrophoretic conditions used in this analysis was sensitive enough to clearly 
distinguish the migration lengths of PCR products. The sizes of exons and the PCR 
amplification products can be seen in Figure 4.4. Table 4.2 shows a summary of PCR. 3 
classifications were made here, considering the exon-presence and absence in corresponding 
 
Figure 4.4. Multiplex-PCR based exon-deletion screening at the HPRT gene locus of the mutant clones in 
human bladder carcinoma (MGH-U1) cells. Exon-containing fragments were amplified as follows: Exon 1 as a 
monoplex-product individually, exons 2, 4 and 6 as a triplex-product and exons 3, 5, 7/8 and 9 as a tetraplex-
product. Upper panel: Exon 1 as a single product. Middle panel: Exons 2, 4 and 6 as a triplex-product. Lower 
panel: Amplification of exons 3, 5, 7/8 and 9 as a tetraplex-product. 10-15µl of each reaction product was 
electrophoretically separated in a 1.5% agarose gel and stained with EtBr. Apparent fragments were 
determined by a DNA molecular size marker (M). Mutant clones in lanes 6 and 12 demonstrate the absence of 
all exons (total deletion) while mutants in lanes 2 and 7 lacked only exon 7/8 (partial deletion) and lane 8 gave 
no product in upper panel. Remaining samples gave all fragments (wild-type). Sizes of fragments containing 




Table 4.2. Comparison of spontaneous and X-ray-induced HPRT mutant clones in human 
MGH-U1 cells  
 
 
X-rays  Number            PCR Analysis   Restriction Fragment Analysis  
      of Analysed Clones Pattern  Failed Exons        
         
 
6-Gy  15   9 WT  none   5 x large 
a
 
          2 x small  
          2 x normal 
b 
 
     4 PD  2-3   1 x large 
       2-3 and 7-8  1 x large  
       1   1 x no signal  
       3 and 7-8  1 x no signal  
 
     2 TD  all    2 x no signal  
 
 
2-Gy + WM  7   5 WT  none    4 x large  
          1 x small  
 
     2 PD   7-8   1 x large 
       7-8   1 x small  
       
 
0-Gy   26   16 WT  none    13 x large  
           1 x no signal  
          2 x normal  
 
     9 PD  3   3 x large 
       2-3   2 x large   
1 3 x no signal  
 7-9   1 x small 
 




WT- wild type pattern including all HPRT exons; PD-partial deletions missing one or multiple number of HPRT exons; TD-total deletions 
missing all HPRT exons; normal = 2 Mbp restriction fragment; Large > 2 Mbp; small < 2 Mbp; WM-wortmannin which was used to 
generate NHEJ deficient cells. 
 
a one of these mutant clones gave a translocation between X-chromosome and the autosomes. 
b one of these mutant clones gave a translocation between X-chromosome and the autosomes.  
 
PCR products (Wild type WT, Total deletion TD or partial deletion PD). All of the mutants, 
which belong to either “normal“ or “no signal“ category, showed almost identical results both 
in restriction fragment analysis and PCR based studies.  
The results for spontaneously derived mutant clones: 20 mutants retained WT pattern, 
10 PD pattern and 1 TD pattern. In the 10 partial deletions there were intragenic and end 
deletions in the gene: 3 clones missed exon 1; 3 clones exon 3; 2 clones lacked exon 2/3; 1 
clone had a deletion of exons 7-9 and 1 mutant clone lacked exons 7/8. HPRT mutant clones 
arising following X-irradiation in the absence of wortmannin produced a spectrum of 
mutations significantly different from that of spontaneously arising HPRT mutations. 
Distinguishable difference lies in the proportions “wild type” and “total deletions”. However, 
it is difficult to make a final conclusion, because the total number of induced mutants 
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analysed in this study are relatively low, especially for the wortmannin treated cell group. In 
Table 4.2, mutation signatures of 26 spontaneous mutant clones and 22 radiation-induced 
mutant clones are given. 10 Mutant clones with double restriction bands were removed from 
the initially collected number of mutant clones in preparing the final data set. Those were: 3 x 
6-Gy mutant clones; 2 x 2-Gy + WM mutant clones and 5 x spontaneous mutant clones.  
 
 
4.1.5 Cytogenetic Screening Using Fluorescence in situ Hybridisation (FISH) 
 
Fluorescent in situ hybridisation (FISH) was performed to examine the genomic 
rearrangements and cytogenetic nature of the mutant clones. For this purpose, exponentially 
growing cells were treated with 80 ng/ml colcemid for 4 h, trypsinized and incubated in 75 
mM KCl at 37 °C for 10 min, fixed 3 times in methanol: glacial acid 3:1 and dropped onto 
wet glass slides. Followed by denaturation, hybridisation with chromosome painting probes 
for selected chromosomes 1, 2 and X was carried out.  
 
 
Figure 4.5. Examination of cytogenetically visible aberrations of HPRT mutant clones in human bladder 
carcinoma (MGH-U1) cells. Exponentially grown cells were used for metaphase-slides preparations. The 
number of metaphases analysed was variable. X-chromosome is painted in red and chromosome 1 in hell green, 
while the remaining chromosomes are painted in DAPI. In the panels from A to C: untreated mutant clone with 
no chromosomal exchanges, a mutant clone (D16) with normal restriction fragment size but gave a non-
reciprocal translocation while the other mutant clone (D18) with aberrant restriction fragment also gave a non-
reciprocal translocation. Changes to X-chromsome (red) are designated by white arrow heads.  
 
Only two out of a total of 31 mutants examined (all mutants from Exp II), contained non-
reciprocal translocations. The clones were 6-Gy induced HPRT mutants. Both chromosomal 
transloactions were detected between X-chromosome and the autosomes. One mutant had 
surprisingly retained a normal sized restriction band while the other showed an aberrant 
(large) restriction band in Southern analysis. These results suggest that intra chromosomal 
exchanges rather than inter chromosomal ones cause the inactivation of the HPRT gene in 
mutant clones. Figure 4.5 shows translocations found in HPRT mutant clones in MGH-U1 
cells. 
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4.2 Acute-Dose-Irradiation and Immortalised-Human Primary Fibroblasts 
(82-6 h TERT Cells) 
 
To further elucidate the radiation-induced mutation spectrum at the HPRT gene locus, several 
mutation induction experiments were performed using an immortalised primary fibroblasts- 
cell line (82-6 hTERT). Although these cells have an indefinite life span, they are not 
tumorigenic, and they retain other characteristics of non-transformed fibroblasts, including 
normal karyotypes, cell cycle checkpoint responses, and growth requirements. As already 
described in detail under Materials and Methods, cloning efficiency (plating efficiency) of this 
particular cell line is relatively low and ranged between 5-10%. However, the sub cell line 
that was later produced using early-passages of original 82-6 hTERT cells possessed a cloning 
efficiency of at least 50%. The first two mutation induction experiments used cells showing at 
least 5% of cloning efficiency while cells that had at least 50% of cloning efficiency were 
used for the last experiment. Before performing both survival and mutation-induction 
experiments, cell passages were examined for their karyotypes and they were all found to 
have a normal cytogenetic profile. 
 
 
4.2.1 Cell Survival and HPRT Mutation Frequency 
 
Table 4.3. Mutation Frequencies of 6-TG
r
 HPRT 82-6 hTERT mutant clones depending on 
acute X-ray doses employed; values are number of mutants per million survivors.  
 
Experiment I    Experiment II    Experiment III  
 




   0-Gy : 1.25
a





   2-Gy : 4.26
a




   6-Gy : 21.4
a




a Average plating efficiency of confluent cells used for mutation induction was 5%, HPRT mutant clones isolated from these samples 
b Average plating efficiency of confluent cells used for mutation induction was 50%, HPRT mutant clones isolated from these samples  
 
 
Radiation-induced cell survival was determined by a colony-forming assay. Sufficient 
numbers of cells were generated from a mass culture of 82-6 hTERT cells. In comparison to 
the bladder carcinoma MGH-U1 cells, cell growth of this immortalised cell line was relatively 
slow. Surviving fractions were determined after cells were exposed to acute doses of X-rays 
in vitro and seeded in plastic dishes. Survival and mutation induction experiments were 
carried out in the same manner to the experiments that were performed previously with MGH-
U1 cells. For both survival and mutation induction experiments, arising colonies were counted 
following crystal violet staining. In assessing mutation induction frequencies, all the values  
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were normalized to respective plating efficiencies, because the mutation induction frequency 
is defined as the number of HPRT mutant clones in a million of cell survivors.  
The doses employed for cell surviving assays were 1, 2, 4, 6 and 8 Gy while the 
mutant induction experiments were performed only with 2 and 6-Gy dose points. Initial dose-
response studies showed that the irradiation of 82-6 hTERT cells at 2-Gy and 6-Gy of X-rays 
reduced its relative cloning efficiency (survival) by up to 36% and 4% (Figure 4.6) 
respectively. HPRT mutation induction frequencies suggest at least a 4-or 20-fold increase 
above the background levels for 2 and 6-Gy respectively (Table 4.3). However these values 
are valid only for Experiment I and II, since the last experiment performed with the cells 
whose cloning efficiency was 5-10 times more efficient gave higher frequencies for 
spontaneously arising 6-TG
r
 HPRT mutant clones. The cell survival curve for 82-6 hTERT 
cells is demonstrated in Figure 4.6. It can be seen that this has a characteristic shouldered 
response while cells seem to be sensitive to increasing of doses of X-rays. All mutation 
induction frequencies depending on the experiments and the dose points are tabulated in Table 
4.3. Increase in the mutation frequencies of the Experiment III following X-irradiation can 
clearly be seen in the corresponding frequencies. 
 
 
4.2.2 Isolation of Independent HPRT Mutant Clones 
 
82-6 hTERT cells grown to confluence as monolayers were irradiated with acute doses of X-
rays, and independently arising HPRT mutants were detected by resistance to 6-thioguanine. 
Mutant colonies were isolated from plastic dishes and expanded individually. As also 
observed in previously produced HPRT mutants, isolated clones of these experiments varied  
  
 
Figure 4.6. Cell survival of hTERT- 
immortalised primary fibroblasts (82-6 
hTERT) as a function of increasing dose of 
X-rays. Confluent cultures were exposed 
to X-irradiation and incubated for 16 h 
prior to plating for the colony-forming 
assay. Colonies were made visible after 
14-16 day incubation and relative survival 
fractions were assessed for each dose 
point. Control cell cultures were held in 
the same conditions during the entire 
period. Each point represents the mean of 
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widely in their growth capacity. Clonal expansion after selection was extremely poor. Each 
experiment was started from a small number of cells to minimize the inclusion of pre-existing 
spontaneous HPRT mutants. Untreated cultures were held under the same conditions but 
without exposure to irradiation.  
 Given below are the number of mutant clones for each experiment that were initially 
isolated and expanded independently for analytical methods such as genomic DNA and RNA 
based analyses as described in detail under Materials and Methods. 
 
Experiment I: 
28 HPRT mutant clones were initially examined by several analytical methods. These mutant 
clones consisted of 2 spontaneous mutants, 7 x 2-Gy mutants and 19 x 6-Gy mutants. Some 
mutant clones with identical genetic patterns were removed from the final data set. 
Experiment II:  
15 HPRT mutant clones were the total number of collected mutant clones. There were 6 
spontaneous mutants and 9 x 2-Gy mutants. None of the 6-Gy-induced mutants were 
expanded here, because the colonies only became visible after being stained for counting 
assessments. A few of the mutants clones were excluded from the final data set because they 
showed identical patterns.  
Experiment III:  
28 HPRT mutant clones were collected from this experiment. 13 x spontaneously arising 
mutants; 15 x 6-Gy-induced mutants. 2-Gy induced mutant clones were not isolated for the 
analyses. Following background correction, a few mutant clones were excluded from the final 
assessments, since the corresponding spontaneous mutation frequency was relatively high in 
this experiment . 
 Isolating one cell colony per dish ensured independence, but sometimes more than one 
mutant colony from the same dish was picked to offset losses attributable to senescence. In 
such cases a mutant was considered as independently derived if it was found to have a 
molecular change in the HPRT gene that was clearly different from those in mutants derived 
from the same culture. Apart from this, mutant colonies were isolated randomly, without 
regard to colony size. Every mutant clone isolated was put through a screening process in 
which the resistance to 6-thioguanine was further tested to confirm the HPRT mutation of the 
mutants. Mutant clones were expanded in cell culture until sufficient numbers of cells were 
made available for isolations of genomic DNA and RNA. The growth of mutant clones was 
almost comparable with that of wild-type cells, though the mutant clones that had larger 
deletions (total deletions) showed retardation of cell growth after a few doublings of cells. 
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Genomic and complementary DNA of these mutant clones were analysed by several methods 
including Pulse Field Gel Electrophoresis (PFGE), Southern hybridisation, Multiplex PCR, 
RT-PCR, Fluorescent in situ hybridisation (FISH) and DNA sequencing. 
 
 
4.2.3 NotI Cleaved Restriction Analysis of HPRT Mutation  
 
 
As expected, the restriction band distribution patterns of the mutant clones were comparable 
with those of the previously analysed MGH-U1 HPRT mutant clones. Figure 4.7 shows a 
representative diagram of the Southern-blot-banding patterns of 11 HPRT mutant clones in 




















Figure 4.7. Representative diagram showing the restriction banding patterns of NotI digested genomic 
DNA of 11 x HPRT deficient mutant clones in 82-6 hTERT cells that were exposed to 6-Gy of X-rays. 
Fragment patterns were visualized by Southern hybridisations using two different [
32
P] dCTP radioactive 
single probes serially: DXS1327 radioactive probe which detects a NotI fragment of 2 Mbp containing the 
HPRT gene and with the binding site 200 kbp telomeric from the gene; D21S4 hybridises to a NotI 
fragment of 2 Mbp and serves as a reference for each mutant genomic DNA. Panel A: Ethidium bromide-
stained UV picture; both end lanes are loaded with chromosomal DNA of Saccharomyces cerevisiae (Sc) 
and Hansenula wingei (Hw) as size markers, while the complete NotI enzymatic digestion can be seen in all 
the lanes. Panel B: Southern blot picture of genomic DNA of mutant clones with WT genomic DNA; 
starting with wt, samples 1 and 10 display normal banding patterns, 5, 8 and 11 exhibit aberrant banding 
patterns (small) and the remaining samples 2-4, 6, 7 and 9 give no signals indicating the occurrence of large 
deletions in mutant genomic DNA: Panel C: Southern hybridisation picture of the same membrane with 
probe D21S4 which served as the reference; regardless of the Southern banding pattern with probe 
DXS1327, all the samples show a band size of 2 Mbp confirming that the mutation only occurred in the 
HPRT gene locus. Failure to form 2 bands instead 1 band with D21S4 probe did not affect the final 
classification of mutants.  
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The results of NotI digested restriction fragment analysis:  
Experiment I:  
The two spontaneous mutant clones analysed, showed normal band sizes. Among the 2-Gy-
induced mutants (7), 5 retained normal band sizes. One of the remaining mutants gave no 
signal on Southern blots, while the other mutant had an aberrant (large) band size. Among 6-
Gy mutants (19), 2 showed normal band size. 3 gave no signal, and one mutant had a small/ 
large double restriction band while the remaining 13 exhibited aberrant restriction fragments.  
 
Experiment II:  
 Of six spontaneously arising mutant clones 4 showed normal band sizes. The other 2 
had single aberrant bands representing large and small sizes. Among the 2-Gy-induced 
mutants (9), 2 showed normal band size, 3 gave no signals and the remaining 4 mutants 
displayed aberrant band sizes (3 x small, 1 x large).  
 
Experiment III:  
 There have been thirteen spontaneous mutants that were exclusively analysed by 
restriction fragment analysis. Of those, only two mutant clones retained aberrant restriction 
bands (2 x large) while the remaining 11 had normal restriction bands. Of 15 x 6-Gy induced 
mutant clones, the majority appeared to have normal band size in NotI digested fragment 
analysis, compared to the spontaneous mutation rate it can be assumed that these clones arose 
spontaneously, because the spontaneous mutation induction frequency in this experiment was 
significantly higher than in the other two experiments. However, 3 mutant clones were found 
to have altered NotI fragments (2 x small and 1x large), while 2 mutant clones gave no 
radioactive signal suggesting a deletion in the probe binding sites of their genomes. All the 
remaining mutant clones (10) retained an unaltered restriction band size on the corresponding 
blots indicating a mutation may have been a result of point mutation in the exons of the gene.  
Since the spontaneous mutation frequency is found to be higher in the experiment, the final 
number of radiation-induced mutant clones was later calculated by subtracting the respective 
 
 
Background mutation correction (as given in Schmidt & Kiefer, 1998) 
 
Mutation frequencies of spontaneously arising mutant clones and 6-Gy-induced mutant clones of Experiment III were 19.5 x 
10–6 and 70.5 x 10–6 respectively (Table 4.3). Since markedly elevated spontaneous mutation frequency was observed and 
these mutant clones contribute significantly in the fraction of radiation-induced mutation, background mutation correction is 
mandatory. This correction was made as has been explained in a previous report in which radiation-induced mutation in a 
CHO cell line was investigated (Schmidt & Kiefer 1998). To correct the complete pattern, each mutant type present in the 
background mutation fraction was weighted considering its relative distribution in the number of initially collected (assuming 
all these were radiation-induced) mutant clones and then proportionally subtracted from the total number. 
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Table 4.4a. X-ray-induced mutant clones                                     Table 4.4b. Spontaneous mutant clones  
Pattern of Restriction 
Fragment 




Normal  10 66.7 0 0  Normal 11 84.6 
Large 1 6.7 0 0  Large 2 15.4 
Small 2 13.3 2 50  Small 0 0 
No signal  2 13.3 2 50  No signal 0 0 
 15 100 4 100   13 100 
 
number of spontaneously arising mutant clones from the total number of mutant clones that 
were initially collected for the analysis. Thus, the absolute number (radiation-induced mutant 
clones) was only 4 mutant clones. Among these 4 mutant clones 2 mutant clones gave no 
signals and the other two were aberrant (small) in their band formation (Table 4.4a. and b). 
An explanation for the mutant clones showing unaltered migration lengths (equal to 2 
Mbp) may be that the mutation that occurred is of the small-scale type such as base pair 
changes in the HPRT exon sequences. The aberrant fragment sizes indicate that genomic 
rearrangements are responsible for the inactivation of the HPRT gene in the affected mutant 
clones. The lack of a hybridisation signal on Southern blots suggests the deletions of the 
probe-binding site. Double-restriction bands such as small /large may be a result of two sub 
clones or duplication of the HPRT gene in that mutant clone (see also 4.2.3.1). 
 
 
4.2.3.1 Detailed Analysis of Mutants with Double-Restriction Bands  
 
Among the examined HPRT mutant clones a small number showed two differing sizes of NotI 
restriction fragments with the HPRT specific radioactive probe (see Figure 4.8). These 
represented small /normal, normal /large, large /large and large /small. To find out what 
caused two different sizes of restriction fragments, a separate experiment based on sub-cell 
clones (sub clones made of original HPRT mutant clones) was designed.  
 Fresh cell cultures (from frozen stocks) were prepared by thawing two selected mutant 
clones. The cells were grown to confluence  before being used for the experiment. 200 cells of 
each HPRT mutant clone were seeded 2 x in triplicate and selected for their resistance to 6-
thioguanine. After 12 day of incubation, 6 independent sub clones were isolated from each 
mutant clone. Figure 4.8 depicts the distribution of band migration of the mutant sub clones in 
Southern hybridisation analysis. The reference panel demonstrates only a single band of 2 
Mbp for all the samples. Among the size alterations of sub clones: 2 Mbp (normal), > 2 Mbp  
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(large), < 2 Mbp (small) and combination of all types as two bands can be seen on the blot. 
All 6/6dII sub clones showed a normal fragment size, although this represented the minor 
band in the original DNA preparation. Three of 6/11d sub clones retained the double fragment 
pattern, while 2 clones exhibited normal band sizes. A potential explanation for the 
reappearence of two different sizes of bands representing original samples could be that these 
mutant clones were mixed with two different sub clones. 
 
 
4.2.4 Multiplex PCR-based HPRT Exon- Deletion Analysis  
 
Intragenic and end deletions at the HPRT gene locus were screened by multiplex PCR. Only 


















Figure 4.8. Detailed fragment analysis of mutant clones 6/6dII and 6/11d: Two selected HPRT mutant clones 
whose genomic DNA already showed two unequal sizes of NotI restriction migration lengths on Southern 
blots with DXS1327 radioactive probe have further been examined for their double band formation. Panel A: 
Ethidium bromide-stained UV picture. The last two lanes of this gel picture were loaded with chromosomal 
DNA of S.cerevisiae (Sc) and S.pombe (Sp) as size markers, while the complete NotI digestion can be seen in 
all the lanes in which genomic DNA of sub clones were loaded. Panel B: Southern blot picture of genomic 
DNA of loaded sub- clones and the original mutant clones. Lane 1: genomic DNA of original mutant clone 
6/6dII; Lanes 2-6: genomic DNA of sub- clones of 6/6dII; Lane 7: genomic DNA of original mutant clone 
6/11d; Lanes 8-12: genomic DNA of sub- clones of 6/11d. The fragment migration lengths remained as 
measured for original clones, while a few of sub- clones still show two different sizes of bands as seen in 
original clones. Panel C: Southern hybridisation picture of the same membrane with D21S4 probe which 
served as the reference as described above. All the samples show hybridisation band size of 2 Mbp confirming 
the mutation is only based on HPRT gene locus. 
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Multiplex PCR results of the mutant clones:  
Experiment I:  
The two spontaneous mutant clones retained all 9 exons (wild-type). Of 7 x 2-Gy induced 
mutants, 5 gave wild type pattern, one had none of the exons (total deletion) and the other 
(2/10d) lacked exons 7+8 (partial deletion) indicating an interstitial deletion in the HPRT 
gene. The mutant clone that had a total deletion in the coding sequence gave no hybridisation 
signal with a HPRT gene specific single copy probe in NotI coupled hybridisation analysis, 
which indicates that this mutant clone has a minimum deletion of 200-250 kbp in the HPRT 
gene region. 
 Among the 6-Gy-induced mutant clones (19), 14 had all exons in their HPRT gene. Of 
these, two had normal restriction band size and some mutant clones were isolated from the 
same plastic dishes. For example, mutants 6/5dI, 6/5dII and 6/5dIII were picked from the 
same dish and gave similar results both in restriction fragment analysis and in multiplex 
analysis. However, there were mutants picked from the same culture dish which showed 
distinct mutational patterns. 6/6dI and 6/6dIII for example showed the same size of aberrant 
NotI restriction band on respective Southern blots, while 6/6dII gave double-band (see also 
Figure 4.8) but all 3 retained all HPRT exons in the coding sequence. Also, 6/20cI and 6/20cII 
have wild-type patterns in PCR analysis but in restriction fragment analysis they showed 
small and normal sizes of NotI restriction bands respectively.  
 6/6b and 6/9d had total deletions in PCR analysis and both gave no-signals on their 
Southern blots indicating a minimum deletion of 200-250 kbp in their genomes. Of the 3 
mutant clones with partial deletions, one (6/3b) had an end deletion of exons 7-9 while the 
other 2 had intragenic deletions that resulted in the loss of exon 3 (a minimum deletion of 
1059 bp). These two latter mutants (6/7aI and 6/7aII) had been picked from the same dish and 
showed the same size of restriction band (small). The mutant that lacked exons 7-9 
(interstitial) had a no-signal pattern on the corresponding Southern blot. This may have either 
resulted from a minimum deletion of 203 kbp in the gene or may represent a rearrangement 
most likely starting from the end of the gene and spanning beyond it. Cleavage of genomic 
DNA of this mutant may have produced a larger NotI fragment, that may not be separable as a 
result of resolution limits in PFGE. Mutant clone 6/11d which was analysed in detail by 
Southern hybridisation due to the double band patterns also retained all exons.  
 
Experiment II: 
Of 6 spontaneous mutant clones, 3 retained all exons and had normal restriction bands in 
Southern analysis. 2 mutant clones that displayed normal and small band sizes according to  
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Table 4.5. Comparison of spontaneous and X-ray-induced HPRT mutant clones in human 
hTERT-immortalised fibroblasts (82-6 hTERT cells). 
 
 
X-rays          Number    PCR Analysis   Restriction Fragment        RT-PCR 
  of Analysed Clones Pattern  Failed Exons Analysis   Analysis 
         
 
6-Gy  14  10 WT  none   4 x large
a
   no products 
        3 x small
b  
no products 
        3 x normal   3 x products 
 
    2 PD  7-9  1 x no signal  no product 
      3  1 x small
c
  no product 
  
    2 TD  all   2 x no signal   no products 
---------------------------------------------------------------------------------------------------------------------------------------- 
  4**      2 x no signal    
        2 x small     
 
 
2-Gy   11  4 WT  none   4 x normal   4 x products 
 
    3 PD  7-8  1 x large
c
  no product 
      1-5  1 x small   no product 
      1-2  1 x small
c
  no product 
      
    4 TD  all   1 x normal   no product 
        3 x no signal   no products 
 
 
0-Gy   5  4 WT  none   4 x normal   4 x products 
    
    1 PD   1-3  1 x large   no product 
---------------------------------------------------------------------------------------------------------------------------------------- 
  13**      2 x large    
        11 x normal     
  
 
Abbreviations: WT- wild type pattern including all HPRT exons; PD-partial deletions missing one or multiple number of HPRT exons; TD - 
total deletions missing all HPRT exons; normal = 2 Mbp restriction fragment; Large > 2 Mbp; small < 2 Mbp. 
 
a one of these WT mutant clones (6/12d) gave a reciprocal translocation between X-chromosome and chromsome 2  
b one of these WT mutant clones (6/6dI) gave a non-reciprocal translocation between X-chromosome and the autosomes.  
c these three PD mutant clones (6/7aI, 2/10d and 2/11d*) each gave a non-reciprocal translocation between X-chromosome and the 
autosomes.  
Two mutant clones whose namings appeared to be the same, therefore, one of them (from Experiment II) was named as 2/11d*. 
 
** these mutant clones were examined only by restriction fragment analysis  
only mutant clones with unaltered fragment gave a product in RT-PCR analysis  
 
restriction fragment analysis lacked all exons (total deletion). Both of these mutants should 
have a minimum deletion of 50 kbp, representing the size of the HPRT gene. The remaining 
spontaneous mutant had an interstitial deletion missing exons 1-3 and gave a large NotI 
fragment in Southern blot analysis.  
 In the group of 2-Gy induced HPRT mutant clones, there were 7 total deletions 
missing all exons and 2 partial deletions. Of these 7 total deletions, 3 mutant clones gave no 
signals in Southern blots. One of them (2/2c) was an independent mutant clone while the  
4 RESULTS 
 70  
other two (2/7cI and 2/7c II) were picked from the same dish and could be dependent. The 
remaining 4 mutant clones with total deletions in the gene showed varying characteristics. 
Two of them (2/5cI and 2/5cII) were picked from the same dish and hybridised to the same 
sized unaltered restriction fragment. The other two retained aberrant fragments (small). 
 Of two partial deletions, one mutant clone had a deletion of exons 1-2 (a minimum 
size of ~1200 bp) and the other missed exons 1-5 (a minimum size of ~3360 bp). Both of the 
mutant clones contained altered restriction fragments (large and small). To have a total 
deletion in the gene, mutant clones should have lost at least a sequence sized 50 kbp, while 
the mutant clones with total deletions both in Southern hybridisation and PCR screening 
should have a minimum deletion of 200-250 kbp in the gene. 
 Table 4.5 summarises all the mutant clones according to the patterns that they showed 
in each analytical method. Mutant clones that gave double hybridisation bands and the 
mutation signatures were found to be the same (mutant clones that were picked from the same 
petri dish and retained similar mutant characteristics) were removed from the number of 
mutant clones that were initially subjected to analysis. Restriction fragment size alterations 
and PCR patterns obtained for all 30 mutant clones derived from hTERT-immortalised 
fibroblasts are given in Figure 4.9. Panel A clearly demonstrates that the mutant patterns 
obtained by Southern analysis based on hybridisation assay are dose dependent. However, 
small sampling of the mutant clones has caused the decrease in the no signal fraction with 
increasing the doses (compare also Figure 4.17 Panel A). By contrast, PCR results give no 
  A 
 
   B 
 
Figure 4.9. Mutation patterns of 5 x spontaneous, 11 x 2-Gy X-ray-induced and 14 x 6-Gy X-ray-induced 
mutant clones. Panel A: Southern blot results of NotI restriction fragment alterations according to hybridisation 
assay. Panel B: PCR results of genomic DNA of mutant clones in which a wild-type pattern of exons (WT), 
partial deletions (PD) and total deletions (TD) of HPRT 1-9 exons are screened.  
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such a dose-dependence tendency for 2 and 6-Gy mutant clones (Panel B) (compare also with 
Figure 4.17 Panel B), although the PCR results for 0-Gy mutant clones are comparable with 
that of Southern blot results. Further, A considerable fraction of aberrant HPRT mutant clones 
are related to WT patterns rather than to PD patterns. This can clearly be seen in the fraction 
of 6-Gy mutant clones (Panel B). Furthermore, TD pattern of 2-Gy mutant clones is increased 
because one single 2-Gy mutant clone with normal restriction fragment retained a TD pattern 
(see Table 4.5).  
 
 
4.2.4.1 Break Point Mapping of Two Selected HPRT Mutant Clones 
 
 
Figure 4.10. Detailed analysis of genomic DNA of HPRT mutant clone 6/7aI which rendered a translocation 
between the X-chromosome and the autosomes: a) Schematic diagram of two newly designed fragment sizes 
of a 1059bp-fragment (Part A and B with respective sizes of 620 bp and 575 bp), that amplified previously to 
detect exon 3 in HPRT gene; b) Ethidium bromide-stained 1.5% agarose gel picture of electrophoretically 
separated PCR products of wild-type and 6/7aI mutant clone. From left to right: Part A of mutant clone 
indicating a deletion in targeted region and the presence of its Part B in the mutant genomic DNA, M is a 
DNA size marker. 
 
Two mutant clones (6/7aI and 2/10d) that had translocations according to cytogenetic studies 
(Figure 4.13) with probes specific for the X-chromosome were subjected to further analysis. 
These mutants had intragenic deletions according to multiplex PCR analysis. Mutant clone 
2/10d had a deletion in exon 7/8, while the other mutant clone (6/7aI) lacked exon 3. The 
genomic rearrangements that caused these two mutant clones to form aberrant NotI restriction 
bands, should have occurred within the HPRT gene. To find out the regions neighbouring the 
break points on the gene, a nested-PCR was performed with new sets of primers. For the 
mutant clone 6/7aI (Figure 4.10a), two PCR reactions were performed to amplify two 
fragments within the 1059 bp original PCR product. 
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Figure 4.11. Detailed analysis of genomic DNA of mutant clone 2/10d which had a non-reciprocal 
translocation between the X-chromosome and the autosomes: a): Schematic diagram showing parts A, B and 
C along the fragment that was amplified during exon-deletion screening whereby Part C contains both exons 7 
and 8; b): Ethidium bromide-stained gel picture of electrophoretically separated PCR products of Part B and C 
of both wild type-control and the mutant clone indicating presence of Part C and absence of Part B; c): Gel 
picture of repeated amplification of Part B together with Part A confirming the absence of Part B while 
showing the presence of Part A; d):Reconfirmation of the presence of Part A in mutant genomic DNA with a 
known mutant clone (6/9d) which has a total deletion covering the entire HPRT gene. Besides non-specific 
PCR products, it clearly shows the presence of the targeted 586-bp fragment (Part A) in the mutant and WT , 
whereas Part B seems to be lost in the mutant. 
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A picture of an ethidium bromide-stained gel of electrophoretically separated 
fragments of mutant clone 6/7aI is shown in Figure 4.10b. It can be seen that mutant clone 
6/7a I failed to give a PCR product for amplicon A (contains exon 3 sequence), whereas the 
WT control was positive. The fact that fragment A could not be amplified suggests that the 
breakpoint has occurred in this region. This suggests that the break point should be located 
between 16252 to 16872 bp (620 bp) on HPRT gene (Gene bank sequence). 
 Since the clone 2/10d gave no product for exons 7+8 in multiplex PCR screening and 
had a large NotI fragment according to restriction fragment analysis, it seemed likely that a 
genomic rearrangement caused the mutation. To locate the approximate regions of the 
breakpoint, new primers were designed to amplify specific fragments within the original 1533 
bp-long PCR-fragment. Figure 4.11a shows a schematic drawing of the fragment sizes and 
their locations. The picture of the ethidium bromide-stained gel in Figure 4.11b shows the 
amplification of parts B and C compared to the wild-type positive control. Here, it can be 
seen, that part B was not amplified whereas part C gave the expected PCR product. Figure 
4.11c shows the gel picture of the PCR products of part A and B compared with positive 
controls. Amplification of part B again failed whereas PCR of fragment A using both mutant 
and control genomic DNA gave non-specific products. The fragment representing part A was 
re-amplified to ensure the accuracy of the PCR results. Two different controls were included. 
These controls were wild-type and a HPRT mutant clone with a deletion covering the entire 
HPRT gene (6/9d). As can be seen in the gel picture in Figure 4.11d, PCR products were not 
present in 6/9d indicating this fragment is available in the genome of the 2/10d mutant clone. 
  In conclusion, the mutant clone 2/10d retained the two exons but missed an intronic 
sequence spanning from 39106 to 39723 bp on the HPRT gene (Gene Bank sequence; 
M26434). According to these results, the break point for the genomic rearrangement within 
the HPRT gene of the mutant clone 2/10d should be within this sequence. 
 
 
4.2.5 mRNA Isolation and RT-PCR  
 
The majority of the mutant clones whose genomic DNA displayed wild-type pattern 
according to multiplex PCR screening showed restriction fragment alterations. This is an 
indication for the formation of genomic rearrangements either in regulatory regions or in 
intronic sequences of the HPRT gene of mutant clones. To confirm the HPRT mutations 
mRNA-HPRT transcripts of clones were examined. The total RNA, including HPRT-mRNA 
of mutant cells, was isolated and subsequently, HPRT-mRNA was converted into HPRT-
cDNA using dT primers. Two sets of primers (outer and inner) were used to amplify PCR 
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products of 761 bp and 737 bp so that both products contained all 9 exons of the HPRT 
coding sequence. The first PCR product was subjected to a nested PCR in order to guarantee 
the accuracy of PCR results. A representative UV-agarose picture of electrophoretically 
separated RT-PCR products is demonstrated in Figure 4.16. 
 Only mutant clones that gave an unaltered restriction band pattern in NotI restriction 
fragment analysis synthesised PCR products, while the mutants that showed aberrant 
restriction bands or no hybridisation-signals gave no RT-PCR products. This is an indicator of 
whether the intact HPRT gene is located on one chromosome or scattered on unrelated 
chromosomal parts. In order to give RT-PCR products, exons of the mutant clones should be 
on the same chromosome or at least the entire coding sequence should be intact, since the 
primer positions were designed to cover all the coding sequence together with the flanking 
sequences of the HPRT gene. Since the predominant number of mutant clones gave no HPRT-
mRNA transcripts, though more than 75% of the clones showed wild-type exon pattern, 
further confirms that the break points caused by X-rays occurred in intronic HPRT gene 
regions rather than in other sites of the gene. 
 However, there were very few HPRT deficient clones whose restriction band sizes 
were aberrant but nonetheless synthesized the RT-PCR products. These particular mutant 
clones may be mixed with mutant clones whose genomic DNA retained normal restriction 
band size or consisted of some exons and therefore could produce unexpected results in the 
analysis. This was revealed by a detailed analysis carried out with the respective mutants and 
are described in 4.2.3.1. 
 
Experiment I: 
Both spontaneous mutants gave RT-PCR products indicating the presence of all 9 exons 
within the normal sized restriction band as revealed by Southern analysis. Of the 2-Gy 
induced mutant clones, 5 retained HPRT-mRNA transcripts, while two mutant clones failed to 
amplify the fragment specific to coding region of HPRT gene. One of these two contained an 
aberrant restriction fragment and the other gave no-signal pattern on Southern blot. All mutant 
clones that showed HPRT mRNA transcripts gave a normal banding pattern on their Southern 
blots. This indicates that the genomic DNA of this type of mutants have WT- exon-order in 
the coding region; while the other type of mutants with aberrant restriction fragments have 
exons scattered in different parts of chromosomes.  
 Among the 6-Gy mutant clones, only 4 mutant clones formed HPRT-transcripts, while 
the remaining 15 failed to produce RT-PCR products indicating no transcripts can be formed. 
All 4 mutant clones that gave amplicons also displayed normal restriction bands on their 
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Southern blots. All mutants that failed to produce PCR products gave either no-signal pattern 
or aberrant NotI fragments in Southern analyses. This is significant evidence that the exons of 
mutant clones are located in unrelated parts of chromosomes or not similar to the manner in 
the genomic DNA of wild-type cells. 
 Mutant clones 6/6dII and 6/11d also gave products proving the presence of their 
sequential order of exons, in contrast, 6/6dII had an aberrant restriction band (small) whereas 
6/11d gave a combination of two aberrant bands (large and small). Therefore, both were 
further analysed as described under 4.2.3.1 and revealed that both had been mixed. In 
conclusion, mutant clones that retained normal restriction band on Southern blots were the 
only ones that synthesized transcripts and all mutant clones that failed to show Southern 
hybridisation signals have been unable to give RT-PCR products.  
 
Experiment II: 
Of 6 spontaneous mutant clones, all except one synthesized RT-PCR products and the 
remaining mutant was the one with a terminal deletion that resulted in the loss of exons 1-3. 
Surprisingly, two mutants that gave total deletion patterns in multiplex PCR analysis,  gave 
RT-PCR products. The coding sequence of the HPRT gene must have been there so that these 
two mutant clones could produce mRNA transcripts. However, this could not be explained by 
any means. All the other 3 mutants retained the normal pattern of restriction fragment in 
Southern analyses. Of 2-Gy induced mutant clones, only two mutant clones gave PCR 
products indicating these two may have the coding sequence of the HPRT gene. But 
according to PCR exon-deletion screening, both missed 9 exons in the coding sequence of the 
gene. Both mutant clones retained an aberrant size of restriction fragment (small). No 
explanation for the amplification of transcripts in the absence of all 9 exons could be found 
here. However, as before, the mutant clones that showed aberrant restriction fragments 
synthesized no HPRT-m RNA transcripts.  
 
 
4.2.6 DNA Sequencing  
 
To verify the mutations and to identify the nature of small scale mutations (point mutations in 
the HPRT gene locus), 10 samples were subjected to automated DNA sequencing.  
 Only nine RT-PCR products (Experiment I), i.e. those which gave unaltered restriction 
fragment bands in corresponding Southern blots and no exon-deletions in the HPRT gene, as 
suggested by multiplex PCR studies based on genomic DNA, were subjected to sequencing. 
One sample of wild type cells, from which mutant clones were originally selected, was added 
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to the group as a control. Further, none of these clones exhibited cytogenetic visible 
chromosomal aberrations in the examinations carried out in search of such abnormalities. The 
reason for the small number of mutant clones was that only a small number of mutant clones 
that retained normal restriction fragments could render RT-PCR products.  
 
The samples were as follows:  
Wild type cells as a control; spontaneously arising mutant clones K/28a and K/40f; 2-Gy X-
ray-induced 2/11d, 2/15b, 2/14eI ,2/14eII, 2/16cII; 6-Gy X-ray-induced 6/10e and 6/20cII (see 
also Appendix Table 8.1).  
Bio Edit version 5.0.6 (2001) of DNA sequencing software programme was used to 
compare sequences. Alignments were made with the Gene Bank sequence of the human 
HPRT cDNA (Data Bank: BC000578 Homo sapiens) as a consensus sequence. The control 
sample rendered no single base pair substitutions, deletions or insertions in its genome. The 
two spontaneously arising mutant clones, K/28a and K/40f, showed no sequence changes, 
though corresponding chromatograms were monitored repeatedly for the single base 
substitutions, deletions or insertions. At critical positions on such sequences, both strands 
were repeatedly examined. One credible explanation could be any kind of genetic changes in 
the sequence of the HPRT mutant clones beyond the focused regions or alterations in exon-
intron junctions or regulatory sequential regions such as promotor, enhancing and silencing 
elements. 
 Of the 2-Gy-induced mutant clones subjected to DNA sequencing, only two mutants 
gave single base pair substitutions. Mutant clones 2/11d retained a single base substitution 
from A to C in exon 9. This transversion mutation caused a tyrosine to serine change.  
Formation of an aberrant HPRT gene product may most probably be the reason for the 
mutation of the mutant clone. The mutant clone 2/15b gave a single base substitution in exon 
6. This leads to a C to T transition changing glycine to a stop codon, leading to nonsense 
mRNA and decay of the mutant transcript. Similar data have previously been reported 
(Hunter et al. 1996). 
 Of two 6-Gy-induced mutant clones, one mutant clone 6/10e showed a 77 bp long 
deletion in the complementary DNA of the mutant clone, whereas the other mutant clone gave 
no noticeable changes in corresponding sequencing data. The deletion found in 6/10e 
coincided entirely with the size of exon 8 of the HPRT gene. This deletion could also be 
noticed in the RT-PCR data, because the size of the PCR product was obviously smaller than 
737 bp. As these data are solely based on cDNA, the mutation was analysed on the basis of 
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genomic DNA. Multiplex PCR previously rendered no exon-deletions in the genomic DNA of 
the mutant clone. As exons 7 and 8 have often been co- amplified as a single 1533 bp- 
fragment, amplifications were performed using two sets of inner primers for targeted products 





Figure 4.12. PCR amplification of genomic DNA from mutant clone (6/10e) that was missing the entire exon 8  
in complementary DNA and identification of the deletion. DNA sequencing analysis of the mutant clone showed 
a total loss of exon 8 which is 77 bp long. To find out if this deletion is detectable on genomic DNA of the 
mutant clone, genomic DNA of the mutant clone was re-examined by PCR. The reaction products were separated 
on a 1.5% agarose gel and stained with ethidium bromide. Sizes of fragments were determined using a DNA size 
marker (M) loaded on the very right of the gel pictures: (a) Schematic drawing of the region of genomic DNA 
involved in the deletion, here two sets of primers were used for the amplifications. As seen in the diagram, the 
smaller fragment A (184 bp) represents exon 8 while the other fragment 592 bp in size is for both exons 7 and 8. 
(b) A gel showing the presence of both exons compared to a wild-type control. (c) A gel displaying the presence 
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mutant clone has no deletions in genomic DNA. Figure 4.12 depicts the electrophoretically 
separated PCR results of 6/10e mutant clone.  
Since there was no explanation for a deletion of this sort, a PCR product sized 592 bp 
(contained both exons 7 and 8 and end intronic regions) was synthesized using genomic DNA 
of 6/10e that got DNA sequenced on both strands. The sequence was compare with M26434 
containing the 592 bp-fragment.  
Sequential data of genomic DNA of the mutant clones revealed a single base 
substitution in the 3´end of intron 7. This mutation is a T to G transversion and lies 13 base 
pairs upstream to exon 8. Mutations in the exon or the intron outside of the consensus 
sequence can have strong effects (Andersson et al. 1992; O'Neill et al. 1998). Similar 
mutations of single base substitution such as this have been already reported (Leonhardt et al. 
2000) and were discussed to cause splicing errors. Based on this information, it is likely that 
6/10e mutant clone may most likely have a single nucleotide substitution in the 3´splice 
consensus sequences of intron 7.  
 
 
4.2.7 Cytogenetic Screening Using Fluorescence in situ Hybridisation (FISH) 
 
All the mutant clones from Experiment I and II were screened using chromosomal fluorescent 
in situ hybridisation (FISH) and 3 different fluorescent markers per chromosome: 1 (green), 2 
(yellow) and X (red). This study focused mainly on the cytogenetic analysis of structural 
aberrations triggered in chromosomes after cells were exposed to single doses of X-
irradiation. Translocations could be detected by heterogeneous scattering of fluorescent 
markers on the chromosomes that were focused for the painting. A large majority of mutant 
clones retained an intact X-chromosome indicating genetic rearrangements may actually be 
intra-chromosomal changes. Similarly, the ratio of the presence of these cytogenetically 
visible exchanges has been the same as other autosomal chromosomes (chromosomes 1 and 
2).  
 Out of the 43 mutant clones examined in the study, including mutant clones with 
double Southern bands and identical characteristics (which were later removed from the final 
data set), only six mutant clones produced visible chromosome aberrations between the X-
chromosome and the autosomes. Mutant clones 6/7aI and 6/7aII were later found to be 
identical (see Appendix Table 8.1). Therefore mutant clone 6/7aII was removed in the final  
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Figure 4.13. Fluorescence in situ hybridisation analysis of HPRT mutant clones in hTERT-immortalised 
fibroblasts: Metaphase spreading from mutant clones were painted with specific fluorescent probes for 
chromosomes 1 (green), 2 (yellow) and X (red). The remaining chromosomes are visualized by the blue 
counter-stain DAPI. Panel A: the presence of intact X-chromosome in a wild type hTERT-immortalised cell; 
Panel B: A reciprocal translocation between the X and 2 chromosomes of mutant clone 6/12d; Panel C: A non-
reciprocal translocation between the X and targeted chromosomes in mutant clone 2/11d*; Panel D: A non-
reciprocal translocation between the X and the other two chromosomes in mutant clone 2/10d; Panel E: A non-
reciprocal translocation between chromosome X and the targeted chromosomes in mutant clone 6/6dI; Panel F: 
A non-reciprocal translocation between the X and the other two chromosomes. Changes to the X-chromosome 
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data set. Figure 4.13 shows the results of the FISH analysis for one wild type (WT) and 5 x 
IR-induced HPRT mutant clones displaying translocations during the analysis. Mutant clone 
6/12d gave a reciprocal translocation between the X and 2 chromosomes while all other 
mutant clones retained non-reciprocal changes between the X and the two chromosomes. 
Among 5 mutant clones, there were two mutant clones (6/12d and 6/6dI) accompanied by a 
WT pattern with the presence of all HPRT exons including aberrant restriction NotI 
fragments. The other three mutants with partial deletions (2/10d, 2/11d*and 6/7aI) in the 
coding segments of the gene also retained aberrant restriction fragments indicating gene 
inactivation as caused by genomic rearrangements (see Table 8.1 in Appendix). 
 The results obtained indicate that intra-chromosomal exchanges rather than inter-
chromosomal exchanges may occur in genomic rearrangements after cells have been exposed 









4.3 Fractionated Irradiation /Mutation Induction in hTERT-Immortalised 
Primary Fibroblasts 
 
To explore the mutation induction mechanisms at low doses of X-irradiations, hTERT-
immortalised primary fibroblasts (82-6 hTERT cells) were grown to confluence as 
implemented in the previous experiments and two independent mutation induction 
experiments were performed serially. The cells used for the first induction experiment showed 
at least 50% of plating efficiency (PE) at the time the cells were taken for the experiment, 
while the second one was based on cells of the same origin with a PE of was 10%. Conditions 
for cell growth and radiation were kept constant. 
It is difficult to generate radiation-induced mutant clones after exposing them to a 
single low-dose of radiation, compared to single doses such as 2 and 6-Gy. To circumvent this 
problem, we have chosen fractionated irradiation of cells as the most appropriate alternative. 
Unlike 1-step single dose irradiations, cells were irradiated with smaller fractionated doses for 
a prolonged period of time in equal intervals. During the entire period of the partial 
irradiations, the control cell cultures were treated in an identical manner without exposing 
them to the X-ray source. Irradiations were administered in fractions to cell monolayers in 75-
cm
2
 flasks filled with culture medium. The total doses of X-rays of 6 and 18-Gy (with 0.2 and 
0.6-Gy single fractions respectively) were delivered to a total number of 30 fractions: twice a 
day, consecutively, for a period of 15 days. To allow for DNA repair, cells were incubated for 
at least 10 h after every fractionated irradiation. Parallel to this, to compare the mutation with 
acute dose irradiations, several flasks of cells as confluent monolayers were also exposed to 2 
and 6-Gy of single doses of X-rays and incubated at equal culture conditions. During the 
entire period of irradiations, changes of culture medium were made three times by replacing 
old medium with fresh MEM medium.  
 
 
4.3.1 Surviving Fractions and Mutation Frequencies of Fractionated X-irradiated 
Cells 
 
Survival rates for the immortalised fibroblasts were described previously and are given in 
Figure 4.6 (the diagram on the surviving data of hTERT-immortalised cells). In fact, the 
mutation-induction frequencies of Experiment I (Table 4.6) showed extensive variations even 
though the cells used for the experiments belonged to the same origin. After isolating the 
mutant clones, cell colonies were stained to determine the mutation frequencies. In calculating 





Table 4.6. Mutation Frequencies of 6-TG
r
 HPRT 82-6 hTERT-mutant clones depending on 
acute and fractionated X-ray doses employed; values are the number of mutants per million 
survivors.  
 




   Fractionated dose
d
  Acute dose
c






  0-Gy : 18.16
a
   0-Gy : 5
b





  0.2-Gy : 11.4
a
   2-Gy : 23.9
b





  0.6-Gy : 58.1
a
   6-Gy : 101.8
b




a Average plating efficiency of confluent cells used for mutation induction was 50%. HPRT mutant clones isolated from these samples and 
the values are normalised by controls. 
 
b Average plating efficiency of confluent cells used for mutation induction was 10%. HPRT mutant clones isolated from these samples and 
the values are normalised by controls. 
 
c Cells were treated with 2 and 6-Gy of X-rays as single doses at the beginning of the experiments and were incubated under identical 
conditions till used for plating efficiency tests and thioguanine selections. 
 
d Cells were treated with fractions of 0.2 and 0.6-Gy for the total doses of 6 and 18-Gy of X-rays respectively. These fractions were delivered 
to confluent cell monolayers for 15 days consecutively as twice a day to a total of 30 serial irradiations. Between fractionated irradiations, at 




point were considered. All the frequencies are given in the Table 4.6 as the HPRT deficient 
mutant clones per million of surviving cells. Surviving fractions of the treated and untreated 
cells are illustrated in the Figure 4.14. As can be seen in the diagram, the cells exposed to 
fractionated irradiations of X-rays, have significantly increased cell survival compared to the 
cells exposed to X-rays of acute doses. At a total dose of 6-Gy, the cell survival following 
acute dose X-rays and fractionated X-irradiations showed 30% and 62% compared to control 
values with the respective mutation frequencies of 101.8 x 10
-6
 and 6.2 x 10
-6
. Mutagenesis 
seems to have decreased to a 17-fold with a 2-fold increase of vitality in the cells after 
fractionated X-irradiation in the Experiment II. A 4-fold increase of the induced mutation 
frequency (Table 4.6) at equitoxic levels (survival rates at 2-Gy acute dose irradiation and 6-
Gy fractionated irradiation were both ~60% as can be seen in Figure 4.14) further confirms 
the marked decrease in the incidence of HPRT mutations at fractionated irradiations. 
Comparable values for Experiment I were 73.2 x 10
-6
 and 11.4 x 10
-6
 for acute dose and 
fractionated irradiations for a total dose of 6-Gy of X-rays, resulting in a 1.2-fold increase in 
the survival following fractionated irradiation. Discrepancies among data are due to the 
variations in PE values of the cells used for the experiments. However, cells in both 
experiments (6-Gy fractionated X-irradiations (0.2-Gy x 30)) reduced the mutability of cells. 
Subsequently, cells were treated 30-times with fractions of 0.6-Gy, and it could be observed 
that at a total dose of 18-Gy the mutation frequency scored was ~55 x 10
–6 
for both 
experiments. When compared to the data for 6-Gy, despite a 3-fold increase in the dose, 




Experiment I. Cell survival at 18-Gy (fractionated irradiation) showed a ~3-fold increase 
compared to that of the acute dose irradiation at 6-Gy. Furthermore, the mutation frequencies 
for 2-Gy acute dose irradiations in both experiments have shown markedly elevated values 
compared to fractionated 6-Gy irradiations. Overall data of these results suggest that mutation 
induction at the HPRT gene locus at fractionated irradiations of X-rays decreased 
significantly. 
The mutation frequency of 6-Gy-fractionated cell cultures in Experiment II was nearly 
the same as the corresponding spontaneous mutation frequency (Table 4.6). Spontaneously 
arising mutant clones in Experiment I showed an unexpected mutation frequency, resulting in 
an 1.6-fold increase even above the value for 0.2-Gy fractionated irradiation. A plausible 
explanation for the markedly elevated mutation frequency in the spontaneously arising mutant 
clones in Experiment I may be due to the plating efficiency (at least 55%) of the cells used for 
the experiment.  
 
 
4.3.2 Independence of Spontaneous /X-ray-induced Mutant Clones 
 
During the two independently transacted mutation induction experiments, the HPRT mutant 
clones were isolated en masse in large X-irradiated cultures of the following treatment groups: 
(i) 0-Gy control cultures (ii) 2-Gy, with single dose irradiation; (iii) 6-Gy, with single dose 
irradiation; (iv) 6-Gy, split into equal fractions of 0.2-Gy (v) 18-Gy, split into equal fractions 
of 0.6-Gy. The HPRT negative cell colonies were selected in a 6-TG containing culture 




Figure 4.14. Survival data for fractionated X-
irradiated experiments: Cells as confluent cultures 
were X-irradiated in two different ways. At the 
beginning of the experiments, several confluent 
cultures were irradiated with acute doses of 2 and 6-
Gy of X-rays, whereas other cultures were exposed 
to the fractions of 0.2 and 0.6-Gy of X-rays for 15 
days twice a day consecutively for total doses of 6 
and 18-Gy respectively. Parallel to this, control cell 
cultures were handled with identical conditions 
except that they were not exposed to irradiations. 
After 22 day-(15 day-prolonged irradiation and the 
7 day- expression time) incubation period, the cells 
of each group were plated in three sets of petri- 
dishes to determine the cloning efficiencies. Mean 
values of two independent experiments (n = 2) are 





Following the last serial irradiation, the cell cultures were incubated for 7 days, allowing, 
phenotypic alterations in the genome of the cells to appear. From the five treatment groups, a 
total number of 104 sub clones was collected. Control cell cultures were treated with identical 
culture conditions during the entire period of fractionated irradiations.  
 In most cases, one HPRT mutant clone per dish was chosen for the expansion of cells 
to conduct of downstream molecular analysis. However, in certain cases, more than one 
mutant cell colony was segregated. Because of the original experimental design, not all 
mutant clones displaying the same deletion patterns could unequivocally be considered to be 
independent mutants. However, the strategies used in selecting mutant clones throughout this 
entire study ensure in a proficient manner, the independence of a high proportion of selected 
mutant clones.  
 
Experiment I  
A total number of 47 HPRT mutant clones was isolated from independent cultures of 
unirradiated and irradiated with acute doses of 2 and 6-Gy and fractionated doses of 0.6-Gy. 
The mutant clones isolated in this experiment are as follows: 22 spontaneously arising mutant 
clones; 15 x 0.6-Gy induced mutant clones; 10 x 6-Gy induced mutant clones. 2-Gy mutant 
clones were not isolated because the respective mutation frequency was relatively higher and 
was virtually comparable to the evidences of 6-Gy induced mutant clones.  
 
Experiment II  
A total number of 57 HPRT mutant clones was isolated from independent cultures of 
unirradiated and irradiated with acute doses of 2 and 6-Gy, as well as fractionated dose 0.6-
Gy. Numbers of the mutant clones are as follows: 8 x spontaneously arising mutant clones; 19 
of 2-Gy induced mutant clones; 20 x 6-Gy induced mutant clones; 10 x 0.6-Gy (a total dose of 
18-Gy). The total number of X-ray-induced mutant clones was 49. Subsequently, eight 
spontaneously arising mutant clones were isolated from untreated cell cultures in this 
experiment. 0.2-Gy mutant clones were not included for DNA analysis.  
 
 
4.3.3 NotI Cleaved Restriction Fragment Analysis  
 
In order to observe alterations occurring in areas at large DNA sequential levels (2 Mbp), the 
genomic DNA from all 104 mutant clones was examined by Southern blot analysis using the 
DXS1327 probe and D21S4 as its reference. NotI cleaved-wild-type genomic DNA served as 




until reliable results could be obtained. Mutant clones that gave double bands with the HPRT 
specific probe were later removed from the final data set, since the occurrence of double-
bands could not be explained for a X-chromosomal gene in a male cell line ( see also 4.2.3.1). 
 
Experiment I  
All, except one, of the spontaneously arising twenty-two mutant clones gave a NotI restriction 
band size that matched the standard. The aberrant pattern of the single mutant clone had two 
bands (both large and normal) on the Southern blots and, was therefore, excluded from the 
data set.  
 In the fifteen mutant clones isolated from cultures that were exposed to 0.6-Gy 
fractionated irradiation were shown to be dependent (see Table 4.7). Subsequent results 
further suggested that the mutant clones were dependent and one of them was sufficient to 
represent the pattern during the final assessments. To account for spontaneous clones, seven 
mutant clones were removed from the total number of collected mutant clones. Four out of the 
eight independently arising mutant clones gave normal band sizes whereas the remaining four 
mutant clones had a smaller band size, indicating these mutant clones had emerged through 
genomic rearrangements. Though a dose of 0.6-Gy was administered 30 times to the cells in 
order to produce these mutant clones, the lesions resulting from these irradiations seemed to 
be relatively low. This can further be observed by comparing the mutation frequencies of both 
6-Gy acute and fractionated 0.2-Gy x 30 irradiations (see also Table 4.6).  
 Of 10 mutant clones that had been selected from 6-Gy cultures, the mutant genomic 
DNA following NotI digestion showed either aberrant signals, or an absence of them on their 
Southern blots. Only a single mutant clone gave a normal band, whereas three retained small 
bands and the remaining six gave no signals. All these mutant clones were isolated from 
independent cultures. Genomic DNAs of these mutant clones either had a deletion in the 
probe binding site, or a larger deletion also encompassing the neighbouring gene regions. 
Since the spontaneous mutation frequency was markedly elevated, it was mandatory to go 
through a background correction to separate the fraction of radiation-induced mutants (see 
Table 4.4a. and b). Mutant clones derived from Experiment I were analysed only by 
hybridisation assay. When one considers mutants after exposure to ionizing radiation, it seems 
evident that all 0.6-Gy mutants analysed produce aberrant NotI fragments and this further 
indicates the gene inactivation is rather through genomic rearrangements. Among the 6-Gy 
induced mutants 66,7% of mutant clones showed large deletions of ≥250 kb whereas 33.3% 




Table 4.7. Patterns of NotI digested fragments of isolated HPRT mutant clones from mutation 
induction Experiment I on corresponding Southern blots. Numbers of independently isolated 
mutant clones are given in brackets. Background mutation was corrected by subtracting 




     Total 1   %  Induced 2  % 
 
 




Normal (2 Mbp)     4   50  0  0 
Aberrant (> or < 2 Mbp)   4 (< 2 Mbp)  50  4  100 
No signal      0   0  0  0 
 




Normal (2 Mbp)     1   10  0  0 
Aberrant (> or < 2 Mbp)   3 (< 2 Mbp)   30  3  33.3 
No signal      6   60  6  66.7 
 
 




Normal (2 Mbp)    21   100     
Aberrant (> or < 2 Mbp)   0   0     
No signal     0   0     
 
 
1 Without background correction 
2 With background correction 
Mutation frequency of spontaneously arising mutant clones for Experiment I was 18.16 x 10-6.  
 
rearrangements of the cells following 6-Gy of X-rays (see Table 4.7).  
 
Experiment II : 
In Experiment II, which was carried out using cells with a 10% of plating efficiency, there 
were eight spontaneously arising mutant clones. All the mutant clones retained unaltered 
normal band sizes on their Southern blots indicating that point mutations were most likely 
responsible for disrupting HPRT gene function. All spontaneous mutant clones gave PCR 
products both in RT-PCR and M-PCR. 
 Figure 4.15 shows the Southern blot-banding patterns of all 0.6-Gy mutant clones. Of 
the 10 mutant clones, that were selected from the cultures exposed to fractionated irradiations, 
there were 3 mutant clones, that gave altered sizes of bands (2 x large, 1 x small) suggesting  
genomic rearrangements. According to M-PCR screening, all three mutant clones had retained 
all the exons from the HPRT gene. However, RT-PCR products could not be observed in 
cDNA analysis. Among the remaining 7 mutant clones, there were five mutant clones that 
were picked from the same petri dish and all gave normal Southern band sizes. But according 




suggests two independent mutants had arisen. These clones were grouped into two patterns 
and the rest of the clones with identical patterns were removed from the final data set. M-PCR 
results showed that all five mutant clones had a combined 1-3 exonic-terminal deletion (at 
least 2250 bp) at the centromeric site of the HPRT gene. The two mutant clones which were 
positive with RT-PCR could be explained that those mutant clones may contain sub clones 
with small mutations (see 4.2.3.1). The remaining 2 mutant clones also gave normal band size 
on Southern blots but RT-PCR analysis revealed that one mutant clone had retained the HRPT 
mRNA transcript, whereas the other had not.  
 Among 18 x 2-Gy mutant clones: 7 x normal; 10 x aberrant (small) bands; 1 x no 
signal. Six mutant clones displaying normal bands retained all the exons in the HPRT gene 
whereas 1 mutant clone failed to amplify the fragment containing exon 1 and all clones 





















Figure 4.15. Restriction fragment analysis of 10 x 0.6-Gy human HPRT mutant clones: To collect these 
mutant clones, hTERT-immortalised primary fibroblasts (82-6 hTERT cells) as confluent cell monolayers 
were X-irradiated with a fraction of 0.6-Gy (to a total dose of 18-Gy) twice a day leaving at least 10 h after 
each serial irradiation for a period of 15 days and incubating further 7 days to allow phenotypic expression, 
HPRT negative mutant clones were selected against 6-thioguanine. Following NotI digestion, genomic DNA 
of mutant clones together with wild type (wt) as a positive control, were loaded on a 0.8% agarose gel and 
electrophoretically separated by PFGE. The membrane was serially hybridised with two different [
32
P] dCTP 
radioactive single probes: DXS1327 probe hybridises to a 2 Mbp of NotI digested fragment contained the 
HPRT gene locus; D21S4 probe serves as the reference that hybridises to a NotI restriction fragment of 2 
Mbp. Panel A: EtBr stained UV photograph taken prior to vacuum blotting, shows the complete digestions of 
all samples. Panel B: Southern-blot-banding picture of mutant clones hybridised with DXS1327 probe; 
normal and aberrant sizes of fragments can be observed here. Panel C: Southern-blot-banding picture of 






Table 4.8. Patterns of NotI digested fragments on Southern blots in isolated HPRT deficient 
mutant clones from mutation induction Experiment II. Numbers given in brackets are 
independently isolated mutant clones. Background mutation (considering results obtained in 
Southern hybridisations) was corrected by subtracting previously existing spontaneous mutant 
fractions in the initial numbers of X-ray-induced mutant clones.  
 
 
     Total 
1
   % Induced 
2
  % 
 
 
0.6-Gy mutant clones (7)           
Pattern             
             
Normal (2 Mbp)    4    40  0  0 
Aberrant (> or < 2 Mbp)  3 (2 x > and 1x < 2 Mbp)  30  3  100 
No signal     0    0  0  0 
             
2-Gy mutant clones (18)           
Pattern             
             
Normal (2 Mbp)    7    38.8  2  15.4 
Aberrant (> or < 2 Mbp)  10 (10 x < 2 Mbp)   55.5  10  76.9 
No signal     1    5.7  1  7.7 
             
6-Gy mutant clones (19)           
Pattern              
             
Normal (2 Mbp)    5    26.4  0  0 
Aberrant (> or < 2 Mbp)  7 (2 x > and 5x < 2 Mbp)  36.8  7  50 
No signal     7    36.8  7  50 
             
             
Background mutant clones (8)          
Pattern    
           
Normal (2 Mbp)    8    100     
Aberrant (> or < 2 Mbp)  0    0     
No signal     0    0     
             
             
1 Without background correction 
2 With background correction 
Mutation frequency of spontaneously arising mutant clones for Experiment II was 5 x 10-6.  
 
cDNA transcripts with one of them having a deletion of 636 bp including exon 1. In the 
remaining 8 mutants with aberrant fragments, except for one mutant with a deletion of the 
sequence also containing exon 1, showed a wild type pattern in M-PCR analysis. The mutant 
clone that showed no signal also did not amplify products in M-PCR and RT-PCR. As given 
in the Table 4.8, the portion of aberrant fragments cells following X-rays was 77%, while 
15% and 8% were for normal bands and no signal respectively. 
 Of 19 x 6-Gy mutant clones: 5 x normal; 7 x aberrant (2 x large, 5 x small) bands; 7 x 
no signal. All the mutant clones that gave no signals on Southern blots yielded no PCR 
products. One mutant with an aberrant restriction band of small size showed a total deletion. 
Three mutant clones with normal restriction bands synthesized mRNA-HPRT products and 
one of them had a deletion in exon 1. Following background correction, these two mutant 
clones were removed from the data set. Furthermore, 6 out of 7 mutant clones displaying 




of them produced RT-PCR products. Since the cells used for the Experiments contained also 
spontaneous HPRT mutant cells, it was necessary to remove the respective portions of mutant 
clones from each dose-point by considering corresponding background-mutation frequency. 
This correction was made also considering the results obtained in PCR analysis, 5 and 2 
mutant clones were removed from 2-Gy and 6-Gy mutant fractions respectively. Table 4.8 
summarises the restriction fragment-analysis-data collected on all the HPRT mutant clones in 
Experiment II with probable numbers of X-ray-induced mutant clones, while the respective 
net numbers of X-ray-induced mutant clones for 2-Gy and 6-Gy are 13 and 17 as given in the 
Table 4.11 as a comparison of combined results that were collected from both experiments. 
 
 
4.3.4 RT-PCR-based HPRT mRNA Analysis  
 
Total RNA of 57 mutant sub clones grown to confluence was isolated as described in the 
Materials and Methods section. Mutant cDNA was examined prior to HPRT-exon screening 
based on genomic DNA because the focus was to determine mutant spectra without using M-
PCR. For all the mutants in Experiment II, HPRT cDNA was yielded, making use of a 
RNeasy kit together with Omniscript reverse transcriptase by QIAGEN.  
 
Table 4.9. Summary of RT-PCR analyses of both spontaneous and X-ray-induced HPRT 
mutant clones in hTERT-immortalised human fibroblasts  
 
       Number showing RT-PCR transcripts   
             
Treatment    Number analysed   Presence (+)  Absence (-)  
             
Spontaneous    8   8 (100%)   0 (0%)  
             
X-ray (Gy)             
0.6    7   4 (57%)   3 (43%)   
2    18   8 (44%)   10 (56%)  
 6    19   3 (16%)   16 (84%)  
 
Aliquots of PCR products together with DNA size markers were loaded on a 1.5% agarose gel 
containing ethidium bromide and were electrophoretically separated and UV-photographed. 
After that, according to RT-PCR results, mutant clones were grouped into categories. 
Virtually all the mutant clones, that gave an unaltered size of NotI restriction band were able 
to synthesize RT-PCR products of the expected size, while the mutant clones that gave altered 
restriction fragments did not produce HPRT mRNA transcripts.  
However, there was a minority of mutant clones which retained HPRT mRNA-
transcripts, though their Southern hybridisation signals were aberrant. These mutant clones 




Summarized RT-PCR results are given in the Table 4.9. By increasing the dose of 
administered X-rays, a trend of failure to amplify RT-PCR products is seen. Significantly, 0.6 
mutant clones, having obtained a total of 18-Gy show substantially higher rates than the 6-Gy 
mutant clones. A failure in the amplification of RT-PCR products despite normal Southern 
banding may result from splicing errors in either exonic or intronic regions. cDNA from 
spontaneously arising mutant clones of Experiment I failed to synthesize targeted PCR 
products even though they were tested several times.  
 
 
4.3.5 Multiplex PCR-based HPRT Exon-Deletion Analysis 
 
Table 4.10. Summary of M-PCR analyses of both spontaneous and X-ray-induced HPRT 
mutant clones in hTERT-immortalised human fibroblasts  
             
             
      Number showing PCR changes    
  Number         Number showing 
Treatment   analysed     Total deletion (TD)       Partial deletion (PD)          no change (WT) 
             
             
Spontaneous  8  0 (0%)   0 (0%)   8 (100%) 
            
X-ray (Gy)            
0.6  7  0 (0%)   2 (29%)   5 (71%) 
2  18  1 (5%)   3 (17%)   14 (78%) 
 6  19  8 (42%)   1 (5%)   10 (53%) 
 
A total of 104 mutant clones isolated in these two mutagenesis experiments had lesions in the 
HPRT gene locus that were undetectable in restriction analysis and RT-PCR. Thus, it was 
necessary to carry out individual exon-deletion screening at the HPRT gene locus using 
multiplex PCR. M-PCR was performed on 57 of the 104 mutant clones. Aliquots of PCR 
products loaded on a 1.5% agarose gel were electrophoretically separated together with DNA 
ladder markers (100 bp plus or 1kb marker, Fermentas). 
 Virtually, all the mutant clones which belong to either the “normal” or “no signal” 
category showed identical results regardless of the analytical methods chosen. However, 
0.6/4fI and 0.6/4fII mutant clones (also removed mutant clones, 0.6/4fIII, 0.6/4fIV and 
0.6/4fV) (see Figure 4.16) unexpectedly gave interstitial centromeric 1-3 exonic deletions 
although these particular two retained normal size of restriction fragments on Southern blots. 
Also the mutant clone, 2/2c did not amplify a PCR product related to exon 1 despite the 





The results of the remaining mutant clones were partial deletions. All these newly detected 
partial deletions were continuous-deletions at the HPRT gene and discontinuous-deletions 
were not observed as in the previously-examined mutant clones (see MGH-U1 mutant clones 
in Table 4.2).  
 In addition, it was necessary to re-check the presence and absence of exon 3 and exons 
7+8 in certain mutant clones. With the implementation of single PCRs, genomic DNA of the 
following mutant clones were re-examined: 2/3fI, 2/3aII and 6/3d for exon 3; 6/3c, 6/3f, 
2/3fI,2/3dI, 2/3eII, 2/2dI, 2/3aII, 2/3c and 2/1g for exons 7 and 8 (see Appendix Table 8.2). 
All 5 mutant clones isolated from a 0.6-Gy single cell culture gave 1-3 exonic end deletions at 
 
Figure 4.16. Agarose gel electrophoretic UV-picture of multiplex PCR and reverse transcriptase PCR analyses 
of human-HPRT-deficient-mutant clones in hTERT-immortalised-primary fibroblasts after exposure to dose 
fractions of 0.6-Gy of X-rays. The mutant clones illustrated here are 10 x 0.6-Gy those were isolated from 
confluent cell cultures following 0.6-Gy x 30 (for a total dose of 18-Gy) X-irradiation for 15 days 
consecutively. Genomic DNA of the mutant sub clones were isolated and PCR amplified in two different 
multiplex reactions: HPRT exons 3, 5, 7/8 and 9 as long fragments and exons 2, 4 and 6 as short fragments; 
exon 1 was amplified as a single fragment in a separate PCR reaction. From left to right: PCR products starting 
with wild type (WT) as a positive control and the 10x mutant clones are loaded as can been seen by the names 
given at the top of diagram, and the sizes of fragmented PCR products containing HPRT exons together with 
end-intronic sequences are pointed on the right-hand side. Panel A: separation of large fragments of the mutant 
clones; with starting wild type (wt) on the far left, 2-6 lanes represent 0.6-Gy mutants segregated from the 
same plate showing common exon 3 partial deletion with exons 5, 7, 8 9 present; plus lanes 7-11 show the 
presence of all large fragments in mutant genomic DNA. Panel B: separation of small fragments in mutant 
clones: lanes 2-6: Separation of short fragments rendering a partial deletion in exon2 with presence of exons 4 
and 6; lanes 7-11: presence of all three short fragments. Panel C: separately amplified exon 1 fragments: lanes 
2-6: partial deletion in exon 1; lanes 7-11: presence of exon 1 in genomic DNA of mutant clones. Panel D: 
separation of RT-PCR products; lanes 2, 6, 8, 10 and 11: plus including presence of HPRT cDNA transcript; 




Table 4.11. Comparison of spontaneous and X-ray-induced HPRT mutant clones in hTERT-
immortalised fibroblasts (82-6 hTERT cells) following fractionated irradiations  
 
 
X-rays          Number    PCR Analysis   Restriction Fragment        RT-PCR 
  of Analysed Clones Pattern  Failed Exons  Analysis                Analysis 
             
            
Acute Dose            
            
6-Gy  17  8 WT  none   2 x large    no products 
        4 x small   no products 
        2 x normal   no products 
            
    1 PD  1  1 x normal   1 x product  
            
    8 TD  all   7 x no signal   no products 
        1 x small   no product 
---------------------------------------------------------------------------------------------------------------------------------------- 
9*      6 x no signal     
      3 x small    
             
             
2-Gy  13  9 WT  none   8 x small   1 x product 
        1 x normal   no product 
            
    3 PD  1  1 x normal   1 x product  
        2 x small   1 x product 
             
    1 TD  all  1 x no signal   no product 
             
             
Fractionated Dose 
             
0.6-Gy   6  4 WT  none   2 x large    1 x product 
        1 x small   1 x product 
        1 x normal   1 x product  
            
    2 PD  1-3  2 x normal   1 x product  
---------------------------------------------------------------------------------------------------------------------------------------- 
  4*      4 x small  
             
             
            
0-Gy  8  8 WT  none   8 x normal   8 x products  
            
  21*      21 x normal   
            
            
Abbreviations:  
WT- wild type pattern including all HPRT exons; PD - partial deletions missing one or multiple number of HPRT exons; TD - total deletions missing all HPRT 
exons; normal = 2 Mbp restriction fragment;  Large > 2 Mbp; small < 2 Mbp. 
            
* these mutant clones were exclusively analysed with hybridisation assay 
 
the HPRT gene. These results were instrumental in both detecting the individuality of those 5 
x 0.6-Gy mutant clones and making further comparisons with data obtained through RT-PCR 
results and restriction fragment analyses. All partial deletions were caused by exon 1 
containing regions. Summarized PCR results for spontaneously-derived and X-ray-induced 
mutant clones analysed at the HPRT gene locus are given in the Table 4.10. These results are 
compared with those of the other analytical methods and are given in Table 4.11, while Figure 
4.17 illustrates the mutation patterns of 44 mutant clones separately. The mutant clones in 




and intragenic) deletions. According to these results, ionizing radiation-treatment of 82-6 
hTERT-immortalised human fibroblasts produced a spectrum of mutations significantly 
different from the spectrum for spontaneous mutations. The major difference lies in the 
portion of total deletions. Between 5 and 42% of X-ray-induced mutant clones analysed 
showed a total loss of the HPRT gene locus (see Table 4.10 and Figure 4.17B), whereas no 
total deletions in PCR analysis were found in spontaneous and 0.6-Gy mutant clones. 
Multiplex PCR results further suggested the general finding that the majority of the X-ray-
induced mutant clones were not the deletions that could be screened by M-PCR analysis. Of 
44 X-ray-induced mutant clones (without 5-specific mutant clones that were excluded from 
data set) examined, 20% (9/44) were total-deletion-mutant clones and 14% (6/44) showed 
either intragenic or terminal deletions at 5´ end (centromeric) or 3´ end (telomeric) of the 
HPRT gene locus respectively. All nine exons were synthesized from the rest of the mutant 
clones (66%) according to M-PCR analysis without undergoing major alterations. The 
spectrum of total deletions appeared to be dependent on the dose in X-ray-induced mutations 
at the HPRT gene locus; mutant clones with “total deletion” made up 5 (1/18) or 42% (8/19) 
of mutant clones isolated after irradiation with 0 or 6-Gy of X-rays respectively. The 
frequency of partial deletions including at least 636-2267 bp terminal-deletions in the HPRT 
gene also appeared to be higher for the mutant clones isolated with 0.6-Gy (29%) than from 
those irradiated with 6-Gy (5%).  
    A 
 
   B 
    
Figure 4.17. Mutation patterns of 8 x spontaneous, 6 x 0.6-Gy fractionated dose, 13 x 2-Gy acute dose and 17 
x 6-Gy acute dose of X-ray-induced HPRT mutant clones were examined by hybridisation assay and M-PCR. 
Panel A: Southern blot results of NotI restriction fragment alterations according to hybridisation assay. Panel 
B: PCR results of genomic DNA of mutant clones in which a wild-type pattern of exons (WT), partial 







In the present study, radiation-induced mutagenesis was examined in order to gain closer 
insight into the relation between the erroneous rejoining of DNA double-strand breaks and 
any resulting mutation. Two sources of human male cells were used in this study: 82-6 
hTERT, telomerase-immortalised primary fibroblasts (Yannone et al. 2001) and MGH-U1, a 
long known tumour cell line isolated from a bladder carcinoma (Edwards et al. 1997; Kato et 
al. 1978; Lin et al. 1985; Lobrich 1999). The hypoxanthine guanine phosphoribosyl 
transferase (HPRT) gene locus was used to detect mutations in this investigation because of 
the relative ease by which mutants in this X-linked, hemizygous, non-essential gene can be 
isolated in the presence of the purine analogue 6-thioguanine (6-TG) (Stout & Caskey 1985). 
General characteristics of this gene are comparable to those of hamster, mouse and man 
(Schmidt & Kiefer 1998; Yamada et al. 1996). Size alterations of a 2 Mbp-NotI restriction 
fragment containing the HPRT gene locus of mutant clones were made using hybridisation 




5.1 Molecular Mechanisms in HPRT Gene Mutations 
 
The presumable molecular mechanisms in the formation of NotI fragment alterations of 
mutant clones are jointly described in following paragraphs. A few of the specific mutations 
are separately described in the discussion of their molecular patterns in the corresponding 
sections.  
The mutation investigated in this study should essentially be within the HPRT gene 
boundaries (Park et al. 1995; Yamada et al. 1996), because both spontaneous and radiation-
induced mutant clones were isolated aiming at the inactivation of the selectable HPRT gene 
locus. Each deletion occurring in the DXS1327 probe binding site of the 2 Mbp fragment 
should be accompanied by point mutations or deletions within the gene as already 
documented by Lobrich (1999). Formation of unaltered NotI restriction fragments (Figure 4.3) 
in the presence of all HPRT exons (Tables 4.2 & 4.5) can be due to point mutations or small 
deletions spanning a few base pairs in the coding sequence of the HPRT gene (Lobrich 1999; 
Phillips et al. 1995; Sankaranarayanan 1991). An alternative interpretation for HPRT gene 
inactivation with presence of all exons could be its inaccessibility to transcription events. An 
explanation model for this could be the translocation of the entire NotI restriction fragment 
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containing the HPRT gene into hetero chromatic chromatin regions. Although the gene 
remained intact, cells could still survive as HPRT mutant clones because of dysfunctions in 
the gene.  
Altered formation of a NotI restriction fragment (Figures 4.2, 4.3 & 4.7) is due to 
genomic rearrangements that may have occurred in the genomes of the cells either 
spontaneously or after being exposed to ionizing radiation (Lobrich 1999). Although such 
rearrangements make up a small percentage of HPRT somatic mutations or germinal Lesch-
Nyhan mutations (Jinnah et al. 2000), these can rise to 60% of in vitro irradiated cells or in 
radiation-exposed individuals (Albertini et al. 1997; Nicklas et al. 1990). Mutant clones of the 
present study containing all HPRT exons (WT pattern) but showing a small NotI fragment 
could be due to deletions in the regulatory regions of the gene. To demonstrate this point: a 
deletion in the promotor region together with neighbouring gene sequences spanning at least a 
hundred kilo base pairs (resolution of pulse field gel electrophoresis is 100 kbp) could lead to 
the formation of a small restriction fragment as two restriction cutting sites get nearer than in 
a wild type gene sequence (Lobrich 1999). Another explanation model can be genomic 
rearrangements associated with complex molecular mechanisms because fragments obtained 
in the current study were measured as rearrangements of several hundred kilo base pairs.  
RT-PCR results obtained in the present work showed that most of the genomic 
rearrangements cause the scattering of HPRT coding segments of mutant DNA because the 
majority of mutant clones with the presence of all exons could not give HPRT-mRNA 
transcripts. All WT mutant clones with unaltered restriction fragments gave RT-PCR products 
(see Results section Table 4.5). These results suggest that all exonic segments of these mutant 
clones are located on a continuous gene sequence as in the wild type gene sequence. This 
further supports the presumption that small deletions spanning a few base pairs or point 
mutations in coding segments are the reasons for the inactivation of the HPRT gene of the 
WT mutant clones with unaltered restriction fragments. On the other hand, the WT mutant 
clones with NotI aberrant fragments may be due to genomic rearrangements with one break 
point within an intronic segment of the HPRT gene as no RT-PCR products could be 
obtained. However, a smaller number of mutant clones with aberrant Southern bands 
nevertheless gave RT-PCR products (see Table 4.11). One credible explanation could be 
configurations of complex mutations with deletions outside of the HPRT gene and point 
mutations in exonic segments at the same time that leads to the synthesis of non-functional 
protein. In a previous study reported by Lobrich (1999), in which HPRT exons 1-9 of the 
mutant clones were investigated for its location, revealed that they were scattered on two 
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different restriction fragments. This particular study was based on X-ray-induced HPRT 
mutant clones derived from MGH-U1 cells and the conditions held for experimental 
procedures were comparable to that of the current study (see Table 4.2). These data are in 
consistence with the results obtained by RT-PCR analysis in the present work. 
In addition, inversions of segments containing one restriction-cutting site together with 
parts of the HPRT gene sequences could contribute to the formation of aberrant restriction 
bands. Evidently, such genomic rearrangements can encompass all exons, or the exonic 
sequences could be scattered on another part of the chromosome. The latter explanation can 
be appropriate for the formation of large restriction fragments, although comprehensive 
molecular mechanisms of such rearrangements can only be elucidated by studying the break 
point regions of mutant DNA at sequence levels (Morris & Thacker 1993). Furthermore, 
inserted sequences of a hundred kilo base pairs to the junction regions in either regulatory or 
intronic regions could presumably shift neighbouring restriction cutting sites outwards thus 
allowing the formation of aberrant fragments. Such an interpretation can be appropriate in 
explaining the occurrence of large fragments with the presence of all exons.  
Aberrant restriction fragments of partial deletion (PD) mutant clones are the results of 
genomic rearrangements. Among the PDs examined in the study, there were intragenic and 
end exon-deletions. End exon-deletions occurring in cells exposed to X-rays can encompass a 
hundred kilo base pairs creating large deletions. Although the latter event is mostly related to 
the formation of a small restriction fragment, a small number of mutant clones gave no signals 
on the Southern blots (see spontaneous and 6-Gy-induced mutants in Table 4.2). End deletion 
at the 3´end (telomeric end) of the gene extending beyond the DXS1327 probe-binding site 
should be the cause for the lack of hybridisation signals. In this category of mutants, the 
deletion should be at least 200 kbp. Furthermore, deletions at the 5´end (centromeric end) 
were observed as small restriction fragments. Genomic rearrangements of mutant clones with 
intragenic PDs could be explained by inversions. Such inversions, whose sequences locate 
within a restriction-cutting site containing the DXS1327 binding site, result in aberrant 
fragments. Also, insertions at breakpoint sites (when compared with non-mutant DNA) may 
give aberrant fragments. 
Results obtained in the current study, in which an X-chromosomal probe was used to 
investigate the cytogenetically visible aberrations with FISH, showed that a high proportion of 
the examined mutant clones remained intact on the X-chromosome (Tables 4.2 & 4.5). This 
data suggests that translocations between X-chromosome and the autosomes (inter-
chromosomal translocations) are a rare event under the conditions used. Mutant clones with 
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PD pattern that failed to give inter-chromosomal translocations were also reported by Lobrich 
(1999). In the small number of mutant clones in which inter-chromosomal translocations were 
found, there were mutant clones with PD pattern in the coding regions and also some with a 
WT pattern. All except one WT mutant clone (a MGH-U1 mutant clone with unaltered 
fragment, see Results Figure 4.5) had an aberrant restriction fragment. In contrast, it was 
shown previously that translocations containing the HPRT chromosomal region were 
identified only in mutant clones with a total deletion in the HPRT gene ranging up to 
megabase pairs (Simpson et al. 1993). Therefore, the PD mutation in this study that gave 
translocations is associated with relatively large genetic changes (>1 Mbp). The particular 
mutant clone with an unaltered restriction fragment, which nevertheless displayed a 
translocation (a 6-Gy-X-ray-induced HPRT mutant clone in MGH-U1 cells) is a rarer one and 
may not be related to ionizing radiation. However, none of the mutant clones with TD pattern 
exhibited translocations in the examined mutant clones in the present study. This is most 
likely due to the small sample size. Although the junction sites of translocations were not 
examined in detail, the results were consistent with the molecular characteristics in these 
mutant clones.  
It can therefore be concluded that the deletions following radiation-exposure are 
mostly invisible on the cytogenetic level. The observations, that a higher proportion of mutant 
clones remained intact on the X-chromosome (83 and 94% of hTERT clones and MGH-U1 
clones, respectively), support the premise that the intra-chromosomal exchanges (including 
inversions) are the main observations following radiation exposure in mutant clones. This is 
consistent with a previous report showing a significant contribution of intra-chromosomal 
rearrangements to DSB misrejoining (Lobrich et al. 2000). A majority of the examined WT 
pattern mutant clones was accompanied by an aberrant fragment (due to sequential change of 
a minimum size of 100 kbp). These data and previously published results (Lobrich 1999; 
Simpson et al. 1993), suggest that the failure to give cytogenetically visible inter-
chromosomal translocations may be associated with genetic changes less than 1 Mbp.  
Each mutant clone that gave no signal in Southern analysis is represented through a 
minimum deletion of 200-250 kbp spanning from exon 1 of the HPRT gene to the DXS1327 
probe binding site. In addition, it was observed that a few mutant clones (HPRT-hTERT 
mutant clones 2/11e, 6/9d and 6/6b) of this study with such deletions had lost cell vitality in in 
vitro culture after a period of four weeks. Therefore the initial DNA damages might also 
affect neighbouring essential genes for cell survival, which are found on Xq26. In fact, 
previous studies based on a human B-lymphoblastoid cell line have suggested that the highest 
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probability for the location of essential cellular genes may be within ~ 540-800 kbp from the 
telomeric end of the HPRT gene (Nelson et al. 1995). Further, detection of HPRT deletions is 
limited to a size of about 3.5 Mbp, because deletions spanning to either side of neighbouring 
essential genes can not allow cells to remain vital (Frankenberg-Schwager et al. 2002; Lippert 
et al. 1997).  
 
 
5.2 Acute Dose Irradiation in MGH-U1 Cells 
 
48 HPRT mutant clones isolated from MGH-U1 confluent cell cultures were considered for 
the final assessment of the study (see Table 4.2). In the final data set of MGH-U1 mutant 
clones, there were 26 mutant clones that had arisen spontaneously and the remaining 22 
mutant clones resulted from X-irradiations with and without wortmannin. Genomic DNA of 
these mutant clones was examined by hybridisation assay and multiplex PCR screening. 
Fluorescence in situ hybridisation was furthermore used to investigate chromosomal 
aberrations of the mutant clones isolated from Experiment II. 10 mutant clones whose 
genomic DNA showed double bands in the Southern analysis were excluded from the initial 
data set. These mutants with double-restriction bands (i.e. large /large or large /small) were 
most likely the result of two different sub clones, though isolation of 6-thioguanine resistant 
clones were performed very carefully to avoid mixing up with neighbouring clones (see 
Figure 4.8). In addition, previous studies have shown that duplications of sequences 
containing the hybridisation probe gave two bands with varying sizes (Lobrich 1999). The 
mutants that gave no signal on Southern blots and missed all exons according to multiplex 




5.2.1 6-Gy X-ray-induced Mutant Clones  
 
Fifteen of the 6-Gy X-ray-induced mutant clones were used for the final assessments of 
HPRT mutation spectra. Of these 15 clones 9 retained a WT pattern PCR analysis. The data 
seems to be unexpected, since the fraction of WT patterns is virtually comparable to those of 
the spontaneous mutation spectra (9/15 or 60% of 6-Gy). These WT pattern mutant clones 
included 25 and 29% in comparable studies performed by Schwartz et al.(1994) and Lobrich 
(1999) respectively. Small sampling of mutant clones may be responsible for the inverse 
tendencies of the current results. Only one out of 10 of X-ray-induced mutants may be of 
spontaneous origin and this proves that a higher proportion of mutants isolated in 6-Gy 
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cultures should most likely be radiation-induced (see Table 4.1). Apart from that, although it 
is not assumed that the selection procedures here will guarantee the independence of 
individual mutant clones, it should be noted that only accurate information about junction 
sites at the nucleotide sequence level will provide such assurance. In any case, strategies 
employed in isolating mutant clones in this study are comparable with previous reports (Park 
et al. 1995; Singleton et al. 2002; Yamada et al. 1996) and likely to ensure independence of 
the mutant clones. 
Of nine mutant clones with presence of all of exons, 7 revealed altered restriction 
fragments (7/15 or 47%), while two mutant clones had unaltered fragment sizes indicating 
point mutations. Genomic rearrangements in intronic segments of the gene could be the cause 
for the formation of such altered fragments. In the fluorescence in situ hybridisation analysis, 
two cytogenetically visible translocations (see Results Table 4.2) were found in two 
distinguished mutant clones with WT patterns (see Figure 4.5). 31 mutant clones were 
subjected to this cytogenetic screening and so the percentage of mutant clones with 
translocations was ~7% (or 2/31). One of these mutant clones with translocations (D16) had a 
normal Southern band size while the other had a large restriction fragment. In the mutant 
clone with a normal restriction band a point mutation within the HPRT locus in addition to the 
chromosomal rearrangement may have occurred. The genomic rearrangement of the other 
mutant clone involved cytogenetic band Xq26 (containing the HPRT gene) and is therefore 
associated with large genetic changes (>1 Mbp) (Giver et al. 1995; Simpson et al. 1993). This 
translocation was unbalanced (non-reciprocal) between the X-chromosome and one of the 
autosomes. This is consistent with data documented in a previous report (Lobrich 1999). 
One of the two PD mutant clones that gave aberrant fragments had an intragenic 
deletion spanning exons 2-3, whereas the other gave two varied intragenic deletions in exons 
2-3 and 7-8. The latter mutation with two skipped (non-contiguous) deletions may be 
explained by small deletions that occurred in the primer annealing sequences of the mutant 
DNA. The other can be counted as a single- or multiple- partial deletion which is comparable 
to the partial deletions as described before. Similar small-scale mutations were also proposed 
in a previous report (Lobrich 1999). Exons 7-8 were always co-amplified as a single PCR. 
However, there were also spontaneous mutant clones that retained exonic 2-3 deletions. 
Therefore, the mutation (partial deletions in exons 2-3) may belong to the spontaneous 
category rather than to radiation-induced mutant clones. In any case, the molecular 
mechanisms that have taken place in forming genomic rearrangements to give large restriction 
fragments can be associated with the explanations given in previous paragraphs.  
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The PD mutant clones that gave no signals in Southern analysis had two various types 
of exon-deletions. One of them has a single deletion including exon 1 and the other missing 
exons 3, 7 and 8. The first single partial deletion mutant could be explained with a small 
deletion in one of the primer annealing sequences of exon 1 together with the loss of 
DXS1327 probe binding site. This mutant clone may have spontaneously arisen because the 
particular pattern (both Southern analysis and PCR screening) is found among the 
spontaneous mutant clones in the subset (see Table 4.2). The mutation of the mutant clone 
that missed exons 3, 7 and 8 and at the same time gave no signal for a restriction fragment is 
apparently an uncommon pattern among the X-ray-induced HPRT mutant clones. Reoccurring 
small deletions in the primer annealing sequences of all 3 exons are very unlikely. The mutant 
clone most likely has a pre-existing mutation, since exon 3 deletions are found in the category 
of spontaneous mutant clones and is later mutated by a small deletion in one of the primer 
binding sites for the co-amplification of exons 7-8. In order to be in accordance with a 
hybridisation signal, there should be a deletion in the probe binding site of DXS1327 and the 
deletion must be restricted to a few hundred base pairs. Similar radiation-induced mutations 
have been reported following high (Linear Energy Transfer) LET radiations previously. In 
recent experiments Schmidt et al. (1998) revealed non-contiguous mutation spectra in hamster 
CHO cells where HPRT mutant clones were induced by alpha particle radiation. In addition, a 
previous group also reported non-contiguous mutations of HPRT clones derived from CHO 
cells that were exposed to acute doses of X-rays and subjected to a second dose (Romney et 
al. 2001). To discriminate between these types of mutations, however, it is necessary to 
investigate a statistically relevant number of mutant clones. There also existed two mutants 
with absence of all HPRT exons and had no restriction bands on respective Southern blots. A 
deletion of at least 200-250 kbp cover the mutation of the two mutant clones in inactivating 
the gene.  
 
 
5.2.2 2-Gy + Wortmannin (WM) Mutant Clones  
 
Results obtained in this part of the study in which both irradiations were conducted with acute 
doses of X-rays at identical conditions, are in agreement with previous reports demonstrating 
an radio-sensitizing effect of wortmannin (Ortiz et al. 2004; Rosenzweig et al. 1997). 
Surprisingly, significant reduction in the HPRT mutagenicity was observed in the WM + 2-
Gy cells compared to the cells which were irradiated with 6-Gy of X-rays but in the absence 
of WM. In other words, dysfunctions in NHEJ may have caused a reducing effect in the 
HPRT mutation in the cells at equal levels of cell survival.  
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Effects of wortmannin were reported for CHO cells previously. As reported in 
Chernikova et al. (2001), mutation induction frequencies in the HPRT gene in the presence of 
WM, with the same acute doses of X-rays, increased whereas the corresponding cell survival 
is observed to be decreased. A credible explanation for the increase in mutation-induction of 
those CHO cells in the presence of wortmannin may be due to the mutation induction 
frequencies which are generally defined as the number of mutant clones per surviving cell. 
Furthermore, previous reports in which repair incubation of DSBs following low LET 
radiation was investigated, have documented that the absence of NHEJ increases levels of 
misrejoining and chromosomal exchanges at radiation doses of a few Gy (Rothkamm et al. 
2001). The results obtained here were inconclusive and it is therefore necessary to conduct 
more experiments in order to draw useful conclusions about the HPRT mutation in the 
absence of the NHEJ. Alternatively, it should be noted, that there may be a significant 
difference between radiation-induced mutation studies based on HPRT gene locus and the 
DSB misrejoining fidelities following repair incubation. However, the spontaneous mutation 
induction frequencies (with and without WM) of the present examinations yielded were 
almost the same (see Table 4.1) for both groups of cells with and without pre-treatment of 
WM (with WM + 0-Gy and without WM + 0-Gy). This suggests no significant effect of WM 
on the HPRT mutation in the absence of IR. Further, the effect on cell survival in the present 
study is concordant with previous data in which human cells were tested in WM-pre-treated 
X-irradiation cultures (Okayasu et al. 1998) and CHO cells investigated to find the cell cycle-
dependent effects (Chernikova et al. 2001).  
Based on the results obtained in the present study, the following suggestions can be 
made: since genomic rearrangements are believed to occur from misrejoining of DNA DSBs 
(Rothkamm et al. 2001), the absence of a NHEJ pathway seems to have induced a relatively 
low number of DSB misrejoining and this has resulted in a low number of HPRT mutant 
phenotypes. Although the mechanisms and enzymatic nature of alternative DSB repair 
pathways are unknown to date, previous reports suggest that such an alternative pathway is 
presumed to be suppressed in the presence of functional NHEJ (Rothkamm et al. 2001). Thus, 
when only a few breaks occur, as is in the current experiment (40 DSBs occur per Gy in a 
cell; (Foray et al. 1999; Goodhead 1994)), one can also suggest that the diminished mutation 
frequency in HPRT may be connected with the latter hypothesis.  
All seven mutant clones gave aberrant restriction fragments (see Table 4.2), suggesting 
that their formation is associated with genomic rearrangements. Of the five WT mutant 
clones, 4 had large restriction fragments and the remaining mutant clone possessed a small 
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restriction fragment. The remaining two mutant clones with partial deletions both lacked 
exons 7-8. One of these two clones showed a large fragment while the other had a small 
restriction fragment. All 7 mutant clones have inactivated the HPRT gene through genomic 
rearrangements. No HPRT mutant clones with point mutations or small deletions were 
observed among them. This is in contrast to the radiation-induced HPRT mutation spectra 
obtained from NHEJ proficient X-ray-induced cultures with genomic rearrangements, point 
mutations, exonic deletions and large deletions were observed. It is tempting to speculate that 
if NHEJ had an effect on the formation of rearrangements as was documented previously 
(Rothkamm et al. 2001), that such large rearrangements should have accelerated in the 
irradiated cells when the NHEJ pathway was inhibited. Mutation induction frequencies of 2-
Gy induced mutant clones were generally 2.5 times above the corresponding background 
mutation level. Thus, the net number of X-irradiated mutant clones is between four and five of 
the 7 mutant clones that were subjected to analysis in the current study. However, to come to 
a definite conclusion about the molecular spectra of HPRT mutations in wortmannin-pre-
treated cells, extensive research studies based on a statistically relevant numbers of mutant 
clones are necessary.  
 
 
5.2.3 Spontaneous Mutant Clones  
 
The multiplex PCR results of the spontaneously arising mutant clones were as follows: 62% 
of WT; 34% of PD; and 4% of TD. Similar percentages have been previously reported for the 
spontaneous mutation patterns in 6-Gy-gamma-irradiated CHO-K1 cells with corresponding 
values of 77%, 20% and 3% for WT, PD and TD mutant clones respectively (Schwartz et al. 
1994). In addition, several other authors have reported values with larger variations, being 
comparable with the results obtained in the present study for the fraction with WT pattern 
(Jostes et al. 1994; Zhu et al. 1996). Consistent with previous reports, genomic 
rearrangements make up a small percentage of spontaneous HPRT mutations in normal cells 
(Jinnah et al. 2000; Nicklas et al. 1989) with the exception of HPRT mutant clones which are 
derived from malignant cell lines (Lobrich 1999). Since certain patterns of mutant clones are 
considered dependent, one cannot conclude the presence of hotspots among these mutant 
clones.  
Despite the fact that a majority of spontaneous mutant clones (13/26 or 50%) (see 
Table 4.2) have retained WT patterns with altered fragments, mutant clones isolated from 
immortalised human cells have shown a significantly smaller number of WT mutant clones 
with altered NotI restriction fragment. Previously, cytogenetic studies have shown that 
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malignant cells generally have chromosomal rearrangements such as translocations, 
inversions, insertions, and large deletions (Williams et al. 2002). Remarkably, size alterations 
in mutant clones with WT pattern were almost exclusively large restriction fragments thus 
suggesting inversions to be the cause.  
Six of 9 PD mutant clones retained altered restriction fragments in hybridisation 
analysis, an indication that the mutation was the result of genomic rearrangements in 
breakable regions of the gene. It can be postulated that these aberrations may also be related 
to inversions, since five of the clones produced large fragments. Three mutant clones with 
deletions in exon 1 failed to exhibit hybridisation signals and can be expected to be 
dependent. Point mutations in the primer binding sites may have caused a failure to form PCR 
products. The mutant clone with an end deletion in exons 7-9 produced a small fragment, 
indicating the deletion extended beyond the terminus of the gene without including the 
binding site of the Southern probe. The latter mutant clone has consequently formed a small 
fragment with a deletion of at least 100 kbp. There was only one mutant clone with a 
complete deletion in PCR analysis and without a signal in the Southern analysis. This 
particular mutant had a minimum deletion of 200-250 kbp. 
 
 
5.3 Acute Dose Irradiation in hTERT-Immortalised Human Fibroblasts 
 
Data based on the molecular characterisation of a total of 47 (18 spontaneously arising and 29 
X-ray-induced HPRT mutant clones) was considered for the final evaluation. These hTERT- 
immortalised HPRT mutant clones were isolated from three independently conducted 
mutation induction experiments. Among the 29 radiation-induced mutant clones, there were 
25 mutant clones that had undergone a comparative study with hybridisation assay, Multiplex 
PCR, RT-PCR and fluorescence in situ hybridisation. More specifically, a significant 
proportion (64% or 7/11; two small restriction fragments of 4 mutant clones which were 
examined only by hybridisation assay were excluded) of X-ray-induced mutant clones that 
gave an altered restriction fragment, retained all HPRT exons and presented the WT pattern 
according to PCR analysis. This indicates that the formation of rearrangements in the HPRT 
gene after cells were exposed to X-rays is related to molecular rearrangements occurring in 
intronic segments or regulatory regions of the gene rather than in exonic regions. This data is 
consistent with a previous report (Lobrich 1999) and also data discussed for MGH-U1 mutant 
clones in this study. All except one mutant clone with total deletions in the HPRT gene 
according to PCR analysis gave no signal with the HPRT region specific DXS1327 probe 
indicating a minimum deletion of 250 kbp. 
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 Only five spontaneous mutant clones were examined by comparative study, since the 
spontaneous mutation frequency of the early passage 82-6 hTERT cells was low (Mutation 
frequencies (Mfs) were 0.12 to 1.25 x 10 
–6 
for Experiment I and II respectively). Difficulties 
to isolate spontaneous HPRT mutant clones has been reported previously in similar studies in 
which mutations were examined in human fibroblasts (Park et al. 1995; Yamada et al. 1996). 
The 13 remaining clones were added to the set from the last mutation induction experiment 
(Experiment III) (Mf for this was 19.5 x 10 
–6
)(Table 4.3) and were exclusively investigated 
by hybridisation assay. Spontaneous mutant clones bearing WT patterns retained unaltered 
restriction bands confirming the association of the mutation with point mutations or small 
deletions in exonic segments of the HPRT gene (Park et al. 1995; Yamada et al. 1996). A 
comparison of obtained results of this part of study is given in Table 4.5. 
 
 
5.3.1 X-ray-induced Mutant Clones  
 
The observed mutation frequencies of X-ray-induced mutations in hTERT-immortalised cells 
(Table 4.3) were nearly comparable to the results reported previously for X-irradiated human 
fibroblasts (Park et al. 1995; Yamada et al. 1996). Results in this part of the study support the 
general observation that the majority of ionizing-radiation-induced mutations at the HPRT 
gene locus are large deletions and due to rearrangements in the HRRT gene locus; the 
frequency of direct large deletions (as total deletions or /and no signals) was 28% (8/29) and 
that of genomic rearrangements (aberrant restriction fragments) 45% (13/29). Compared to 
the mutation spectra of spontaneous mutant clones which predominantly resulted from point 
mutations or small deletions, these data are characteristic for radiation-induced mutants (Bao 
et al. 1995; Nelson et al. 1994; Phillips et al. 1997). Several authors have documented that the 
frequency of gene deletions in radiation-induced mutants is higher than the frequency in 
spontaneous mutants (Fuscoe et al. 1992; Jostes et al. 1994; Morris et al. 1993; Park et al. 
1995). Further, a previous report revealed that X-ray irradiation can cause HPRT mutations 
that involve deletions as large as 2 Mbp (Denault & Liber 1993). Furthermore, these large 
deletions extended to varying degrees into the upstream and downstream regions beyond the 
HPRT gene locus and deletions up to at least 2.7 Mbp were observed in recent studies based 
on human fibroblasts (Yamada et al. 1996). Although genomic rearrangements of the HPRT 
mutant clones identified in this study don’t deliver direct information about the exact sizes of 
each deletion or insertion, such rearrangements encompass at least 100 kbp. Also considering 
that the inversions may most likely be related to the formation of large fragments, one can 
speculate that the small fragments can be due to the deletions. Restriction fragment size 
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alterations and PCR patterns obtained for all 30 mutant clones (see Table 4.5) derived from 
hTERT-immortalised fibroblasts are given in Figure 4.9. By increasing the acute doses of X-
rays, the generation of an unaltered NotI restriction fragment decreases, whereas deletions and 
genomic rearrangements increase (Figure 4.9 Panel A). As can be seen in Panel B, 
proportions of WT patterns only restricted to HPRT gene exon-screening (~50 kbp) are 
significantly higher than the proportion of total and PD patterns (6-Gy mutant clones). 
Further, a substantial fraction of mutant clones with aberrant restriction fragments whose 
genomic DNA retain the WT pattern according to multiplex PCR analysis are related to 
genomic rearrangements. Previous studies in which radiation-induced mutation was 
examined, have shown that large deletions are the predominant lesions after cell exposure to 
comparable doses of X-rays (Bao et al. 1995; Morris et al. 1993; Nelson et al. 1994). 
Although Panel A and Panel B of Figure 4.9 show distinguished patterns, mutant clones from 
2-Gy fraction do not render a significant difference between PCR results and the results 
obtained from Southern blots. In the 2-Gy fraction, both show relatively similar proportions 
with PD and TD patterns.  
 However, the results obtained in this part of the study suggest that total loss of 
hybridisation signals is not significantly dependent on the dose. In the results obtained here, 
mutant clones with “no signal” comprised 27% (3/11) or 28% (5/18) of clones isolated after 
irradiation of hTERT-immortalised fibroblasts with acute doses of 2 or 6-Gy of X-rays 
respectively. Similar results have been documented by several authors previously (Schmidt & 
Kiefer 1998; Schwartz et al. 1994) suggesting that cell types and individual procedures of the 
experiments may cause these effects. Potential explanation for the marked decrease with 
increasing doses is a sample size of radiation-induced mutant clones. The X-ray-induced 
mutant clones considered in the final set of mutant clones are free from pre-existing 
spontaneous clones (background mutant clones were removed). The proportions of partial 
deletions 27% (3/11) and 14% (2/14) for 2 and 6-Gy of X-rays respectively demonstrate dose 
dependencies in this part of the study. These deletions are in agreement with a previous report 
(Yamada et al. 1996) and also with our data obtained for fractionated experiments (see further 
Section 5.4). Taken together, both deletions and formation of aberrant restriction fragments 
through genomic rearrangements increased with an increase of doses (Figure 4.9 Panel A). 
However, Yamada et al. (1996) suggested that there was little difference between the results 
obtained from Southern blot and multiplex PCR analyses. This difference may be due to the 
specificity of the hybridisation assay compared to conventional Southern blot methods that 
have previously been used in the mutation analysis (Yamada et al. 1996).  
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 The last experiment contained significantly elevated levels of spontaneous mutations. 
The reason for higher spontaneous mutations is associated with a significantly elevated 
plating efficiency of the sub cell line of 82-6 hTERT cells (at least 50% of plating efficiency). 
Similar data had been documented in previous reports. Such mutational events may have 
arisen during the early expansion of a culture to produce a significant fraction of 
spontaneously arising mutants. These were commonly termed as “Jackpots” (Asteris & Sarkar 
1996; Brown & Thacker 1984; Okinaka et al. 1993). 
 In the mutant fraction of 6-Gy X-ray-induced clones, there were 10 mutant clones 
present with all exons (WT mutant clones). Three of these mutants gave unaltered restriction 
fragments and the remaining seven contained altered fragments. Previous studies suggest that 
the kinds of point mutations and the frequency of small deletions induced by IR may differ 
when compared to spontaneous mutations (Nelson et al. 1994; Okinaka et al. 1993) and most 
of these were found in exonic segments of the gene (Manjanatha et al. 1994). Interestingly, 
one of the mutant clones (6/10e) with unaltered restriction fragment contained a point 
mutation according to the data obtained by DNA sequencing. This intron- exon junction 
mutation was a transversion from T to G (T:A → G:C) and found in intronic sequences, 13 
base pairs upstream from exon 8. Since this is found in the 15-nucleotide (nt) 3´ splice site 
consensus, the mutation is likely to be related to a splicing mutation (Sun & Chasin 2000). 
HPRT gene inactivation of 6/10e may most likely be due to an anomaly in the formation of 
the protein. Similar mutations of single base pair substitutions have been previously reported 
(Andersson et al. 1992; Bao et al. 1995). Two mutant clones in the same fraction showed a 
reciprocal and a non-reciprocal translocation (Figure 4.13). The reciprocal translocation 
(between X and 2 chromosomes)(6/12d) was of a mutant clone that had a large restriction 
NotI fragment with a wild type pattern of HPRT exons, while the non-reciprocal translocation 
was a mutant clone (6/6dI) with a small restriction fragment. RT-PCR analysis of these two 
mutant clones with translocations gave no products. Most likely, the translocation junctions 
lie within intronic regions of the gene. According to previous results obtained from molecular 
analyses for similar mutant clones, these translocations may be associated with the HPRT 
gene specific region of chromsome X (Lobrich 1999; Simpson et al. 1993). 
 Among the two mutant clones with partial deletions (PD mutant clones) in the gene, 
one (6/3b) had an end-deletion in exons 7-9 of the genomic DNA giving no signal with the 
DXS1327 probe. This particular mutant has a minimum deletion of 200 kbp. The remaining 
mutant clone showed a small restriction fragment with loss of exon 3 according to PCR 
analysis. The latter mutant clone (6/7aI) exhibited a non-reciprocal translocation (see Results 
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section Figure 4.13) between X and one of the autosomes. In extensive PCR studies, carried 
out to determine the approximate break point regions relative to the wild type gene sequence 
revealed that the break point of this translocation should be located between 16252 to 16872 
bp (620 bp) on the HPRT gene (Gene bank sequence) (see Results 4.2.4.1). As also described 
in the previous paragraph, this mutation is likely to be associated with a deletion of mega base 
pairs, since such cytogenetically visible rearrangements are most probably due to larger 
deletions (Simpson et al. 1993). The two 6-Gy-induced mutant clones with total deletions in 
the gene gave no signals suggesting a deletion of minimum 250 kbp spanning from the gene 
to the DXS1327 probe binding site. From four 6-Gy X-ray-induced mutant clones whose 
mutation was only investigated by hybridisation assay, two gave no signals but the other two 
had small restriction fragments. The nature of the mutation in the two mutants without 
hybridisation signals could be associated with a minimum deletion of 250 kbp, because most 
of the mutant clones with no signals had lost the entire HPRT gene. In the other two mutant 
clones, genomic rearrangements may be the reasons for inactivation of the gene, when one 
considers the results of similar mutant clones of this study. 
 In the fraction of 2-Gy X-ray-induced mutant clones, there were four mutant clones 
with WT pattern, three PDs and four TDs. All mutant clones with the presence of a complete 
set of exons remained unaltered in the NotI restriction fragment indicating that the mutation is 
related to point mutations or small deletions in the coding segments of the gene. This was also 
consistent with the RT-PCR results. DNA sequencing of all 4 mutant clones with unaltered 
restriction fragments revealed that two of them had base pair substitutions in exonic segments. 
Mutant clone, 2/11d of Experiment I had a transversion from A to C (A: T → C: G) and it was 
found in exon 9 whereas the other mutant clone (2/15b) had a transition from C to T (C: G → 
T: A) in exon 6 (see DNA sequencing 4.2.6). Altered gene products may most likely have 
results in the HPRT gene inactivation of these two mutant clones. Transitions of base pairs 
such as found in 2/15b have been reported by Bao et al. (1995) in the spontaneous mutant 
clones derived from human lymphoblastoid cell line. Further, previous reports have revealed 
that point mutations acquired by X-ray exposure were very diverse including all types of 
transitions and transversions, tandem base substitutions, frameshifts, small deletions. 
Compared to spontaneous data, radiation-induced mutations displayed a reduced number of 
transitions and an increased number of small deletions (Nelson et al. 1994). Due to the fact 
that a relatively small number of point mutations were found by DNA sequencing in the 
current study and only 3 X-ray-induced mutant clones revealed the mutation, one can not 
draw useful conclusions. However, the point mutations found among the smaller number of 
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mutant clones are in agreement with previous reports (Bao et al. 1995; Leonhardt et al. 2000). 
In four X-ray-induced and two spontaneous mutant clones, the base pair changes could not be 
found. Small-scale mutations occurring in exon-intron junctions may be the cause of the 
inactivation of the gene in those mutant clones (Andersson et al. 1992). In addition, it had 
been reported previously that certain regions of the HPRT gene locus appear to be especially 
sensitive to radiation-induced mutations (deletions) and that these deletions may be dependent 
on the LET (Schwartz et al. 1994). The preferential localizations of such deletion break points 
were reported at or towards the 3´end of the human HPRT gene (Albertini et al. 1990c; Park 
et al. 1995; Thacker et al. 1990). A previous report revealed that the majority of point 
mutations sequenced in their studies occurred at the 3´end of the HPRT gene (Mullis & 
Faloona 1987). 
 Two of the PD mutant clones had two different contiguous end deletions in exons 1-5 
and 1-2 with their restriction bands being small: The other mutant clones missed exons 7-8. 
The mutant clone missing exons 1-5 most likely had a deletion of a minimum size of 100 kbp 
from the 5´end of the HPRT gene. The mutant clone, 2/11d* from Experiment II with a 
deletion in exons 1-2 displayed a translocation between the X-chromsome and one of the 
autosomes indicating its mutation may be due to a larger deletion spanning to mega base pairs 
(Simpson et al. 1993). The mutant clone gave no product in RT-PCR analysis. The remaining 
mutant clone (2/10d) that had an intragenic contiguous deletion in exons 7-8 with its 
restriction fragment being a larger one also had a non-reciprocal translocation between X and 
one of the autosomes. The mutant clone gave no product in RT-PCR analysis indicating that 
most mutant clones with translocations can not synthesize HPRT-mRNA transcripts (Schmidt 
& Kiefer 1998). The genomic DNA of the latter mutant clone was examined thoroughly by 
means of PCR analysis with primers designed to amplify inner PCR products of previously 
targeted sequences (1533bp) to find out the approximate break point regions relative to wild 
type HPRT gene sequence. These results revealed that the junction point of the translocation 
of the mutant clone 2/10d should be within 39106 and 39723bp on the HPRT gene (Gene 
Bank sequence; M26434) (see Results Figure 4.11). Three mutant clones with a total deletion 
in HPRT gene gave no signal in the HPRT region with the specific probe; an indication of a 
minimum of 250 kbp deletion. The other remaining mutant clone had a normal restriction 
band although PCR results were negative for all coding segments along the entire gene 
indicating a total deletion. This particular mutant clone (2/5cI) is unique in its pattern and the 
size of the mutation is presumably between 50 kbp to 100 kbp, since differences below 100 
kbp are not detectable in the Southern blot analysis. 
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5.3.2 Spontaneous Mutant clones  
 
Spontaneously arising mutations are reported to be associated with point mutations or small-
scale deletions (Giver et al. 1993; Park et al. 1995; Yamada et al. 1996). Data obtained in this 
part of the study is therefore in agreement with previous reports because a high proportion of 
mutant clones are the results of point mutations or small deletions. A total of 18 spontaneous 
mutant clones was collected from all three experiments. Similar to the current study, low 
spontaneous mutation rates at the HPRT gene locus in human fibroblasts were documented by 
previous reports (Park et al. 1995; Yamada et al. 1996). A total of five mutant clones was 
subjected to comparative study while the remaining 13 mutant clones that were isolated from 
Experiment III were examined only by hybridisation assay. Of these five mutant clones, 4 had 
unaltered restriction fragments while the remaining one retained a terminal deletion in exons 
1-3. Mutant clones with unaltered fragments contained all exons. The inactivation of the 
HPRT gene of these 4 mutant clones may be associated with point mutations or small 
deletions spanning to a few base pairs in the coding segments. All except one mutant clone 
(K/20c) (see Table 8.1) gave RT-PCR products indicating the mutation of the HPRT mutant 
clones was due to point mutations or small deletions in exons that nevertheless resulted in an 
HPRT transcript. Two of these mutant clones were analysed by DNA sequencing (K/40f and 
K/28a) but no detectable point mutations or deletions based on cDNA were observed. An 
explanation for this may be that point mutations lie on the sequences. Mutant clone (K/20c) 
with a partial deletion retained a large restriction fragment suggesting that the mutation is 
related to genomic rearrangements following partial deletions in exons 1-3 of the gene. 
Cytogenetic studies failed to give indications for the presence of inter-chromosomal 
translocation in the mutant cells; pointing to an intra-chromosomal aberration. A similar 
mutant clone was previously reported to have an intragenic deletion missing exons 2-5 (Park 
et al. 1995). Furthermore, a spontaneous mutant clone derived from a human lymphoblastoid 
cell line also missed exons 2-5 but retained a mRNA transcript (Bao et al. 1995). However, an 
explanation could not be found. The mechanisms for such a phenomenon remain unclear. No 
spontaneous mutant clones with total deletions or “no signals” in hybridisation analysis which 
are the direct indications for large deletions were detected in the present study. In contrast, 
Park et al. (1995) reported 1 out of 23 HPRT mutant clones exhibited “total deletion”.  
 Overall data obtained in the present study can suggest that the predominant proportion 
of spontaneously arising mutant clones (13 mutant clones that were exclusively examined by 
hybridisation assay) may be due to the point mutations or small-scale deletions in the HPRT 
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5.4 Fractionated Irradiation in hTERT-Immortalised Fibroblasts 
 
In this section, the mutagenic effects of dose fractionation versus acute dose irradiation in 
immortalised human primary fibroblasts were studied. In retrospect, Low Dose Rate (LDR) 
irradiation was considered to be an extended fraction wise induced mutation experiment, as 
documented in previous reports, although there existed an infinite number of irradiation 
intervals (Colussi & Lohman 1997; Colussi et al. 1998). In such studies, it has been shown 
that lethal and mutagenic effects of LDR gamma rays were lower when compared to 
irradiation events at higher doses (Evans et al. 1985; Nagasawa et al. 1992). In addition, some 
authors have reported the opposite effect; indicating LDR increased the mutation in CHO and 
murine lymphoma cells compared with high dose irradiations (Crompton et al. 1990; Evans et 
al. 1990). In both induction experiments examined in the present study, parallel acute 
irradiations were performed in order to provide a comparison. The results obtained from 78 
independent mutant clones (including 44 mutant clones analysed by comparative study and 34 
mutant clones examined only with hybridisation assay) show that mutation induction 
frequencies for fractionated irradiations were remarkably lower than the corresponding 
frequencies obtained for acute irradiations. The reason for a marked reduction in the HPRT 
mutation frequencies can be found in the rejoining of DSBs; with each serial irradiation cells 
are faced with a relatively low number of DSBs. Before the next serial irradiation occurred, a 
significant number of these DSBs appear to have rejoined correctly. Nelson et al. (1996) has 
suggested that these mutation events are the result of an incremental accumulation of 
mutations induced by individual 0.2-Gy gamma-ray exposures of TK6 human lymphoblasts.  
 
 
5.4.1 Dose Fractionation vs. Acute Dose Mutant Clones 
 
In the fraction of 0.6-Gy, seven of 10 mutant clones produced restriction fragment alterations 
suggesting the gene inactivation was related to genomic rearrangements rather than point 
mutations or small deletions within the gene. Furthermore, among four WT mutant clones, 3 
had aberrant restriction fragments that showed a similar pattern as found in acute- dose 
mutant clones. In agreement with this some authors have suggested, that the mutation 
signatures of fractionated low doses could be similar to those of spontaneously arising mutant 
clones (Nelson et al. 1996). 
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 Mutation frequencies of fractionated irradiations with a total dose of 6-Gy (0.2-Gy x 
30) and its corresponding spontaneous mutations were 6.2 x 10 
–6
 and 5 x 10 
–6
 respectively 
(see Table 4.6). The HPRT mutation frequency significantly decreased in fractionated 
irradiations compared with corresponding frequencies for acute irradiations. Only three 
mutant clones in the fraction of 0.6-Gy mutant clones retained unaltered restriction fragments 
indicating point mutations or small deletions in coding segments of the gene. Since only six 
mutant clones were subjected to a comparative study, the presence and absence of exons in 
the remaining four mutant clones can not directly be assessed. In comparison to the overall 
data obtained in the study, one can assume that these four mutant clones probably consist of 
either PD or WT patterns. Deletions spanning the entire HPRT gene were observed 
exclusively at higher doses. Two 0.6-Gy mutant clones with WT patterns synthesized RT-
PCR products even though the restriction fragments of these two clones were shown to be 
aberrant. Previously, only mutant clones with WT patterns bearing unaltered restriction 
fragments gave corresponding RT-PCR products; an indication that all nine exons lie on a 
NotI restriction fragment as visualised in Southern blots. The inconsistencies of the two 
mutant clones can be related to chromosomal changes in which the gene and its neighbouring 
regions, including the hybridisation probe binding site, may have translocated either within 
the chromsome or into other autosomes. Two mutant clones with continuous end deletions 
missing exons 1-3 retained unaltered restriction fragments. One of these mutant clones gave a 
RT-PCR product and the other failed, suggesting that the mutants are different from one 
another. The mutant clones with no RT-PCR product may have resulted from point mutations 
or small deletions in exon-intron regions of the coding segments of the gene. Figure 4.17 
illustrates the mutation spectra with a total number of 44 clones. The diagram shows when 
increasing doses are employed, deletions of the entire HPRT gene, including neighbouring 
sequences increase an amount to ~50% in 6-Gy mutant clones while the wild type pattern of 
mutant clones decreases. Panel A of Figure 4.17 clearly shows the decrease in the formation 
of unaltered fragments is related to the increase in the dose. These results are in agreement 
with the data previously reported by several authors (Aghamohammadi et al. 1992; Bao et al. 
1995; Jostes et al. 1994; Yamada et al. 1996). However, one 6-Gy induced mutant clone with 
a partial deletion in exon 1 gave a RT-PCR product. This suggests that the mutation was 
related to a deletion in a small sequence within this exon that did not affect transcription. This 
is further supported by the presence of an unaltered restriction fragment in the mutant DNA. 
Similarly, two WT mutant clones which did not produce RT-PCR products can be explained 
by the presence of point mutations; i.e in exon-intron junctions. Six of the 9 mutant clones 
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that were examined (all nine were analysed only by hybridisation assay) gave no signals on 
Southern blots. Considering the mutation spectra of the other experiments in this study, it is 
most likely that the mutant clones missed the entire HPRT gene. Three mutant clones 
contained small restriction fragments, suggesting the inactivation of the gene may be 
associated with partial deletions in the coding segments or with break points in the intronic 
regions of the gene. Mutant clones with aberrant restriction fragments throughout the entire 
study were mainly related to WT patterns in M-PCR: an indication that rearrangements should 
have occurred in either intronic or regulatory regions of the HPRT gene.  
 Results obtained for PD mutant clones which were 6 and 23% for 6-Gy and 2-Gy 
mutant clones, respectively are consistent with a previous report (Yamada et al. 1996). 
Although percentages of WT mutant clones with aberrant restriction fragments showed to be 
nearly the same for both acute irradiations, one 2-Gy mutant failed to generate a RT-PCR 
product, suggesting splicing errors or point mutations in exon-intron junctions to be the 
reason. Two different 2-Gy induced mutant clones synthesized RT-PCR products even though 
their genomic DNA displayed altered restriction fragments. One of these two mutant clones 
had a WT pattern while the other missed exon 1. Further, a 2-Gy mutant clone with a partial 
deletion in exon 1 (< 50 kbp) but bearing an unaltered restriction fragment also gave a RT-
PCR product suggesting the deletion in coding regions of the mutant DNA. Since acute dose 
mutant clones with aberrant fragments also gave RT-PCR products, one can not assume that 
this behaviour is typical to fractionated mutant clones, rather this seems to be related 
specifically to the cell type. All 29 spontaneously arising mutant clones produced an unaltered 
restriction fragment which indicates that the mutation is most likely associated with point 
mutations or small deletions in the coding segments of the gene. This is further supported by 
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Table 8.1. Summarised data of HPRT mutant clones in hTERT-immortalised primary 
fibroblasts of three independent mutation induction experiments (Exp I, II and III). Mutation 
induction was conducted here using acute dose irradiations. 
 
 
Dose  Mutant1   Restriction2  RT-PCR  M-PCR          FISH 
 Naming   Analysis   (Presence + /Absence -)          (failed exons)         (+t/-t) 
 
 
0-Gy K/28a  normal +  none   - 
(5) K/40f  normal  +  none    - 
 K/16aI*  normal +  none   - 
 K/18b*  normal +  none   -  
 K/20c*  large -  exons 1-3  - 
........................................................................................................................................…………………………….. 
(13) K/fII**  large ┐     
 K/2fI**  normal  │      
 K/2hI**  normal │     
 K/1hI**  normal  │     
 K/1cI**  normal │     
 K/1aI **  normal │analysed only with hybridisation assay    
 K/2eII **  normal │   
 K/2aI **  large │     
  K/1dII **  normal │     
  K/2jII **  normal │     
 K/1II **  normal │     
 K/1bI **  normal │     
 K/2g **  normal ┘     
......................................................................................................................................……………………………... 
2-Gy3 2/10d  large -  exons 7-8    + 
(6) 2/11d  normal +  none   - 
 2/11e   no signal -  exons 1-9  - 
 2/14eI  normal +  none   - 
 2/15b  normal +  none   - 
 2/16cII  normal +  none   - 
......................................................................................................................................……………………………... 
(5) 2/2c*  no signal -  exons1-9   - 
 2/4d*  small -  exons1-5   - 
 2/5cI*  normal -  exons1-9   - 
 2/7cI*  no signal -  exons1-9   - 
 2/11d*  small -  exons1-2   + 
......................................................................................................................................……………………………... 
6-Gy3 6/3b   no signal -  exons 7-9  - 
(14) 6/4d  large -  none   - 
 6/6dI   small -  none   + 
 6/6dII  normal +  none   - 
 6/5dI  small -  none   - 
 6/6b  no signal -  exons 1-9  - 
 6/7aI  small -  exon 3    + 
 6/9d   no signal -  exons 1-9  - 
 6/10e  normal +  none   - 
 6/12c  large -  none   - 
 6/12d  large -  none   + 
 6/20cI  small -  none   - 
 6/20cII  normal +  none   - 
 6/20e  large -  none   - 
......................................................................................................................................……………………………... 
(4) 6/2fI **  no signal ┐ 
 6/1g**   small │ analysed only with hybridisation assay  
 6/2e**  no signal  │  




1 Mutant clones were named after an arbitrary nomenclature starting from irradiated (2 and 6-Gy) doses and unirradiated controls (K), the number of 
the flask in which cell monolayers initially contained /irradiated (i.e. 1, 2, 3 etc.), the naming of the mutants from which plate they were isolated such 
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dish, their designation is suffixed by roman numerals (i.e. I, II, III etc.). Those underlined are the mutant colonies isolated from the same plate and to 
be distinguished by the designation of each mutant. 
 
2 Genomic DNA of mutant clones were digested with NotI restriction endonuclease and subjected to PFGE /Southern hybridisation analysis. 
Depending on the radioactive signals, mutant clones were grouped into normal, large, small. and no signal. type clones. 
 
3 Number of induced mutants given here are corrected for background mutants, subtracting the existing background mutant fraction from initially 
collected /analysed mutant clones. 
 
Mutant clones that are in bold have shown inter-chromosomal translocations between X- chromosome and the autosomes. Clones that were not 
designated by asterisk are derived from Experiment I.  
 
* HPRT mutant clones collected from Experiment II 
** HPRT mutant clones collected from Experiment III analysed only with Southern hybridisation 
normal  = 2 Mbp  
large  > 2 Mbp  
small  < 2 Mbp 
none  all the exons presence 






Table 8.2. Summarised data of HPRT mutant clones of hTERT-immortalised human 
fibroblasts by hybridisation assay (Restriction fragment analysis), cDNA analysis and 
multiplex PCR. Mutant clones were isolated from two independent mutation induction 
experiments based on fractionated irradiation. 
 
 
Dose          Mutant Naming1               Restriction 2                    RT-PCR product  M-PCR  
(X-ray)                Analysis   (Presence + / Absence -)  Failed Exons 
 
0-Gy K/6aII  normal   +   none    
(8) K/3aII  normal    +   none     
 K/5b  normal    +   none   
 K/1aII  normal    +   none  
 K/6d   normal    +   none 
 K/1b   normal    +   none 
 K/1j   normal    +   none 
 K/3f   normal    +   none 
…………………………………………………………………………………………………………………………………… 
 
(21) K/2j *  normal    ┐  
 K/2g*  normal    │   
 K/1e*  normal    │  
 K/3e*  normal    │  
 K/1i *  normal    │  
 K/2h*  normal    │ 
 K/1f *  normal    │ 
 K/3i *  normal    │  
 K/3g*  normal    │ 
 K/2e*  normal    │  
 K/2a*  normal    │analysed only with hybridisation assay  
 K/1c*  normal    │   
 K/1a*  normal    │  
 K/1b*  normal    │   
 K/1d*  normal    │   
 K/2b*   normal    │   
 K/2f *  normal    │   
 K/2i *  normal    │   
 K/3b*  normal    │   
 K/3d*  normal    │   
 K/3f*   normal    ┘  
……………………………………………………………………………………………………………………………………. 
0.6-Gy 0.6/1h  large   -   none  
(6) 0.6/4fI   normal   +   1-3 exons 
 0.6/4fII  normal   -   1-3 exons 
 0.6/3g  normal   -   none 
 0.6/4g  small   +   none  
 0.6/6d  large   +   none  
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(4) 0.6/1c*  small   ┐ 
 0.6/1e*  small   │analysed only with hybridisation assay 
 0.6/1i1*  small    │   
 0.6/2dV*  small   ┘  
………………………………………………………………………………………………………………………………… 
 
2-Gy 2/3eI   small   +   exon 1 
(13) 2/3eII   small   +   none  
 2/3dI  small   -   none 
 2/3bI  small   -   none 
 2/3hI  no signal   -   1-9 exons 
 2/3hII   small   -   exon 1 
 2/3fI   normal   -   none 
 2/3fII  small   -   none 
 2/3gII   small   -   none 
 2/3aI    small   -   none 
 2/1I   small   -   none 
 2/3c   small   -   none 
 2/2c   normal    +   exon 1 
…………………………………………………………………………………………………………………………………… 
 
6-Gy 6/3aII   no signal   -   1-9 exons 
(17) 6/2fII  small   -   1-9 exons 
 6/2cI   no signal   -   1-9 exons 
 6/3e   small   -   none 
 6/1f   normal   -   none 
 6/2hI   normal   +   exon 1  
 6/2hII   no signal   -   1-9 exons 
 6/3bI   no signal   -   1-9 exons 
 6/1cI   small   -   none 
 6/3I   no signal   -   1-9 exons 
 6/2aI  no signal   -   1-9 exons 
 6/1aI  small   -   none 
 6/1j   no signal   -   1-9 exons 
 6/3c   small   -   none   
 6/3d   large   -   none 
 6/3f   large   -   none 
 6/1d   normal   -   none 
…………………………………………………………………………………………………………………………………… 
 
(9) 6/aI*  small   ┐ 
 6/bI*  no signal   │ 
 6/cII*  no signal   │    
 6/dII*  no signal   │    
 6/eI*  small   │analysed only with hybridisation assay 
 6/fII *  no signal   │    
 6/gI*  small   │    
  6/hI*  no signal   │    
 6/JI*  no signal   ┘    
  
1 Mutants were named after an arbitrary nomenclature starting from irradiated (0.6, 2 and 6-Gy) doses and unirradiated controls (K), number of the 
flask in which cell monolayers initially contained /irradiated (i.e. 1, 2, 3 etc.), the naming of the mutants from which plate they were isolated such as 
from a, b, c etc (Cell contents in flasks were seeded into several petri dishes for 6-TG selections) and if the mutant clones are those isolated from the 
same dish, their designation is suffixed by roman numerals (i.e. I, II, III, IV and V).  
 
2 Genomic DNA of mutant clones were digested with a rarely cutting restriction endonuclease NotI and subjected to PFGE /Southern hybridisation 
analysis. Depending on the migration lengths of radioactive signals, the specific mutants were grouped into normal, large, small and no signal. type 
clones.  
 
normal = 2 Mbp; large > 2 Mbp; small < 2 Mbp; none = all the exons presence  
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Following paper publications are in progress: 
 
• Radiation-induced mutations resulting from misrejoined DNA double-strand breaks  
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